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ABSTRACT 
Restoration of Biological Soil Crust on Disturbed Gypsiferous Soils in Lake Mead 
National Recreation Area, Eastern Mojave Desert 
 
By 
 
Lindsay P. Chiquoine 
 
Dr. Scott Abella, Examination Committee Chair 
Associate Research Professor 
University of Nevada, Las Vegas 
 
Over the past several decades biological soil crust (BSC) research has 
demonstrated the importance of biotic crusts to desert ecosystems and the negative 
consequences of disturbance. Natural recovery takes many years, and active restoration 
decreases the recovery time of BSC organisms and their ecosystem functions. The 
purposes of this thesis were to investigate the applicability of restoration activities in 
gypsiferous soil types and to test restoration treatments in highly disturbed gypsiferous 
soils after a road reconstruction project in Lake Mead National Recreation Area in the 
eastern Mojave Desert. Field, greenhouse, and laboratory studies were used to examine 
the impacts of disturbance on BSC organisms, observe the impacts of storage, and test the 
use of salvaged BSCs as inocula.  
Field results revealed complex relationships between the BSC microscopic and 
macroscopic cover, soil stability, and available nitrogen with the main treatments, which 
included BSC inoculation, topsoil reapplication, wood shavings, and a native perennial 
shrub. Inocula increased the macroscopic and microscopic BSC organisms, stabilized the 
surface soils, reduced non-native annual plants, and increased ammonium. Topsoil alone 
increased cyanobacteria by 186% compared to plots without topsoil. Topsoil treatments 
also had the highest non-native annual cover. Topsoil and BSC treatments reduced non-
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natives cover. Due to issues with blowers, humidity, and temperature controls during the 
greenhouse study, it was difficult to maintain adequate temperatures and hydration levels. 
An evaluation of the study procedures and suggestions for future experiments are 
provided for methodological improvements. In the laboratory after approximately 3 and 4 
years of storage, the BSC lichen Collema had reduced chlorophyll-fluorescence values 
compared to undisturbed field specimens. After 3 years of storage, glucose solutions 
increase the recovery and rate of fluorescence and mannitol solutions shortened the time 
for chlorophyll-fluorescence recovery. Slurry inoculation with glucose on autoclaved 
native gypsiferous soils resulted in higher cyanobacteria cover compared to inoculated 
only flats. 
 Protection of these BSC systems is important for ecosystem sustainability and 
maintaining the resilience of BSC communities to current and future climate changes. 
Active restoration of disturbed BSCs in gypsiferous soils assists with rehabilitation of 
BSC ecosystem services. The results from this thesis research have direct implications for 
ecosystem management and restoration activities of BSCs and contribute to identifying 
the potential impacts of BSC restoration activities as well as the potential for salvaging 
and storing BSCS to use as inoculants in ecosystem restoration.  
 
 
 
 
 
 
 
v 
 
ACKNOWLEDGEMENTS  
I would like to thank my thesis committee which was comprised of Scott Abella, 
Lloyd Stark, and Stan Smith from University of Nevada, Las Vegas, and Matthew 
Bowker from Northern Arizona University. I would particularly like to thank my thesis 
committee chair Dr. Abella for urging me to work on this project, encouraging me to 
make it my thesis project, and for his constant enthusiasm and encouragement throughout 
this process. 
Additionally, I would like to thank Dr. Pete Fulé from Northern Arizona 
University for initially introducing me to biological soil crusts, my best friend Matthew 
Packard for his constant encouragement over the last 12 years, and my partner Joshua 
Greenwood for being my support and inspiration. I would like to acknowledge the 
Applied Ecology Research Group at the University of Nevada, Las Vegas (UNLV) and 
my co-workers over the past four years Cayenne Engle, Donovan Craig, Alex Suazo, 
Joslyn Curtis, Pam Sinanian and Sylvia Tran, and especially Sharon Altman for always 
taking good care of us all. Additional acknowledgement is given to John Brinda for 
assisting with critiquing methods and identifying mosses and Cheryl Vanier for providing 
statistical support and advice. 
This research was supported through a cooperative agreement between Lake 
Mead National Recreation Area, National Park Service, and UNLV. I would like to thank 
Lake Mead Vegetation Management staff Alice Newton, who coordinated this research 
opportunity, Carrie Norman, Dara Schrepenisse, Toshi Yoshida, Janis Lee, Ryan Howell, 
and Eric Cotto. 
 
 
vi 
 
DEDICATION 
To Eric Cotto, 
thank you for your support and encouragement during my first two and a half years living 
and working in the Mojave Desert.  
And to Norma Dawson Cotto, 
 in loving support to you who has lost her son too early. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
vii 
 
TABLE OF CONTENTS 
ABSTRACT ....................................................................................................................... iii 
 
ACKNOWLEDGEMENTS  ................................................................................................v 
 
DEDICATION ................................................................................................................... vi 
 
LIST OFTABLES .............................................................................................................. ix 
 
LIST OF FIGURES ......................................................................................................... xiii 
 
CHAPTER 1 INTRODUCTION .......................................................................................1   
Opportunity for Research  ........................................................................................2   
Justifications for Study  ...........................................................................................3   
Applied Restoration Research Goals  ......................................................................3  
 
CHAPTER 2 LITERATURE REVIEW ..............................................................................5 
Introduction  .............................................................................................................5 
Biological Soil Crust Overview  ..............................................................................6 
Gypsiferous Soils and the Mojave Desert Climate  .................................................7 
Biological Soil Crust Ecosystem Properties, Functions, and Contributions..........10  
Impacts of Disturbances to Biological Soil Crusts  ...............................................17 
Natural Recovery  ..................................................................................................19 
Factors Influencing Recovery and Potential Barriers  ...........................................22 
Assisted Recovery: Rehabilitation/Restoration  ....................................................26 
Summary  ...............................................................................................................34 
 
CHAPTER 3 METHODS ..................................................................................................37 
Field Study Area Description ................................................................................37 
Field Treatment Establishment  .............................................................................39 
Reference Plot Establishment  ...............................................................................42 
Field Data Collection and Analysis  ......................................................................42 
Greenhouse Study  .................................................................................................51 
Laboratory Studies and Analysis  ..........................................................................53 
 
CHAPTER 4 RESULTS AND DESCRIPTION..............................................................64 
Field Results ..........................................................................................................64 
Greenhouse Observations and Results ...................................................................71 
Laboratory Tests Results .......................................................................................72 
Discussion  .............................................................................................................73 
 
CHAPTER 5 CONCLUSION ........................................................................................128 
 
APPENDIX 1 ...................................................................................................................130 
 
viii 
 
LITERATURE CITED ....................................................................................................134 
 
VITA ................................................................................................................................162 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ix 
 
LIST OF TABLES 
 
TABLE 1 Biological soil crust experimental restoration field plot treatments in the 
Eastern Mojave Desert, USA  ....................................................................57 
TABLE 2 Lichens and mosses and morphological groups identified on gypsiferous 
biological soil crusts in Lake Mead National Recreation Area, USA  ......58 
TABLE 3 Morphological group descriptions for lichens and mosses found  
globally  .....................................................................................................59 
TABLE 4 Biological soil crust cyanobacteria and morphologies identified in 
gypsiferous biological soil crust communities in the Mojave Desert and in 
Lake Mead National Recreation Area, USA  .............................................60 
TABLE 5 Descriptions of cyanobacteria morphology found globally  ......................61 
TABLE 6 Free-living and lichenized green algae identified in biological soil crust 
communities in the Mojave Desert, USA  .................................................61 
TABLE 7 Soil Stability Criteria  ................................................................................62 
TABLE 8 Multivariate analysis of variance results for cover of macroscopic 
variables, lichens, mosses, organic matter, and non-native annual plants, in 
gypsiferous soil restoration treatment plots in the eastern Mojave Desert, 
analyzing the effects of the main treatments, biological soil crust 
inoculation, topsoil, wood shavings, and Ambrosia, and their two-way, 
three-way, and four-way interactions ........................................................89 
TABLE 9 Comparisons of  macroscopic variables of lichens, mosses, organic matter, 
and non-native annual plants between undisturbed and experimental 
treatment field plots in gypsiferous soil in the eastern Mojave Desert for 
main treatments effects, biological soil crust inoculation, topsoil, wood 
shavings, and  Ambrosia, and their two-way, three-way, and four-way 
interactions .................................................................................................89 
TABLE 10 Mean total biological soil crust cover for undisturbed and experimental 
treatment field plots in gypsiferous soil in the eastern Mojave Desert. .....90 
TABLE 11 Individual permutation-based analysis of variance (PERMANOVA) 
results for biological soil crust cover in experimental treatment field plots 
in gypsiferous soils in the eastern Mojave Desert analyzing the effects of 
the main treatments, biological soil crust inoculation, topsoil, wood 
shavings, and Ambrosia, and their two-way, three-way, and four-way 
interactions .................................................................................................90 
TABLE 12 PERMANOVA results for the cover of the cyanolichen Collema in 
experimental treatment plots in gypsiferous soil in the eastern Mojave 
Desert analyzing the effects of the main treatments biological soil crust 
inoculation, topsoil, wood shavings, and Ambrosia, and their two-way, 
three-way, and four-way interactions  .......................................................91 
TALBE 13 PERMANOVA results for the cyanolichen Peltula and the phycolichen 
Placidium in experimental treatment plots in gypsiferous soil in the 
eastern Mojave Desert analyzing the effects of the main treatments 
biological soil crust inoculation, topsoil, wood shavings, and Ambrosia, 
and their two-way, three-way, and four-way interactions. ........................91 
x 
 
TALBE 14 PERMANOVA results for total moss and macroscopically observed 
cyanobacteria in experimental treatment plots in gypsiferous soil in the 
eastern Mojave Desert analyzing the effects of the main treatments 
biological soil crust inoculation, topsoil, wood shavings, and Ambrosia, 
and their two-way, three-way, and four-way interactions.  .......................92 
TABLE 15 PERMANOVA results for organic cover in experimental treatment plots 
in gypsiferous soil in the eastern Mojave Desert analyzing the effects of 
the main treatments biological soil crust inoculation, topsoil, wood 
shavings, and Ambrosia, and their two-way, three-way, and four-way 
interactions. ................................................................................................92 
TABLE 16 PERMANOVA results for total non-native cover in experimental 
treatment plots in gypsiferous soil in the eastern Mojave Desert analyzing 
the effects of the main treatments biological soil crust inoculation, topsoil, 
wood shavings, and Ambrosia, and their two-way, three-way, and four-
way interactions. ........................................................................................93 
TABLE 17 PERMANOVA results for the cover of the non-native annual graminoids 
Bromus rubens and Schismus in experimental treatment plots in 
gypsiferous soil in the eastern Mojave Desert analyzing the effects of the 
main treatments biological soil crust inoculation, topsoil, wood shavings, 
and Ambrosia, and their two-way, three-way, and four-way treatment 
interactions. ................................................................................................93  
TABLE 18 Mean cover of organic matter for undisturbed and experimental treatment 
field plots in gypsiferous soils in the eastern Mojave Desert  ...................94 
TABLE 19 Mean cover of total non-native annual plant cover for undisturbed and 
experimental treatment field plots in gypsiferous soils in the eastern 
Mojave Desert  ...........................................................................................94 
TABLE 20 Comparisons between the mean chlorophyll fluorescence responses of the 
cyanolichen Collema collected from undisturbed and experimental 
treatment field plots in gypsiferous soils in the eastern Mojave Desert with 
the main effects topsoil, wood shavings, Ambrosia, and time, and the two-
way and three-way interactions between main treatment variables TS, WS, 
and AMDU.................................................................................................95 
TABLE 21 Analysis of variance (ANOVA) results for dark-adapted chlorophyll 
fluorescence responses from the cyanolichen Collema collected from 
experimental treatment field plots in gypsiferous soil in the eastern 
Mojave Desert to the main effects of topsoil, wood shavings, and 
Ambrosia and their two-way, three-way, and four-way interactions .........96 
TABLE 22 ANOVA results for the light-adapted chlorophyll fluorescence responses 
from the cyanolichen Collema collected from experimental treatment field 
plots in gypsiferous soil in the eastern Mojave Desert to the main effects 
of topsoil, wood shavings, and Ambrosia, and their two-way, three-way, 
and four-way interactions ..........................................................................97 
 
 
 
xi 
 
TABLE 23  ANOVA result for chlorophyll fluorescence actual quantum yield 
responses of the cyanolichen Collema collected from experimental 
treatment field plots in gypsiferous soil in the eastern Mojave Desert to the 
main effects of topsoil, wood shavings, and Ambrosia, and their two-way, 
three-way, and four-way interactions ........................................................98 
TABLE 24 ANOVA results for the measure of the proportion of the light absorbed by 
PSII that is actually used in photochemistry responses from the 
cyanolichen Collema collected from experimental treatment field plots in 
gypsiferous soil in the eastern Mojave Desert to the main effects of 
topsoil, wood shavings, and Ambrosia, and their two-way, three-way, and 
four-way interactions .................................................................................99 
TABLE 25 ANOVA results for dark- and light-adapted fluorescence, actual quantum 
yield, and the proportion of light absorbed by the PSII that is actually used 
in photochemistry responses from the cyanolichen Collema across the 
whole hydration time course analyzed for all main effects of topsoil,  
wood shavings, and Ambrosia, and their two-way and three-way 
interactions ...............................................................................................100 
TABLE 26 ANOVA results for the estimated abundance of cyanobacteria and total 
microorganisms in one gram of soil identified from surface soil samples 
from experimental treatment field plots in gypsiferous soil in the eastern 
Mojave Desert, analyzing the effects of the main treatments, biological 
soil crust inoculation, topsoil, wood shavings, and Ambrosia, and their 
two-way, three-way, and four-way interactions ......................................100 
TABLE 27 ANOVA results for soil stability responses in experiment treatment field 
plots in gypsiferous soil in the eastern Mojave Desert, analyzing the 
effects of the main treatments, biological soil crust (BSC) inoculation, 
topsoil, wood shavings, and Ambrosia, and their two-way, three-way, and 
four-way interactions ...............................................................................101 
TABLE 28 Mean soil stability for experimental treatment field plots and undisturbed 
plots in gypsiferous soils in the eastern Mojave Desert. ..........................101 
TABLE 29 Comparisons of soil stability ratings between experimental treatment field 
plots and undisturbed plots in gypsiferous soil in the eastern Mojave 
Desert, analyzing the effects of the main treatments, biological soil crust 
inoculation, topsoil, wood shavings, and Ambrosia, and their two-way, 
three-way, and four-way interactions.  ....................................................102 
TABLE 30 ANOVA results for nitrate and ammonium concentration responses of 
surface soil samples from experimental treatment field plots in gypsiferous 
soil in the eastern Mojave Desert, analyzing the effects of the main 
treatments, biological soil crust inoculation, topsoil, wood shavings, and 
Ambrosia, and their two-way, three-way, and four-way interactions ......102 
TABLE 31 Mean nitrate and ammonium concentrations in parts per million from 
experimental treatment field plots and undisturbed field plots in 
gypsiferous soil in the eastern Mojave Desert  ........................................103 
 
 
xii 
 
TABLE 32 ANOVA results for the light-adapted chlorophyll fluorescence responses 
from the lichen Collema over time during an initial hydration period after 
two years of storage with treatments of either 6 % or 10 % mannitol or 
glucose as the initial hydration event. ......................................................104 
TABLE 33 ANOVA results for the light-adapted chlorophyll fluorescence responses 
from the lichen Collema over time after two years of storage and that had 
been treated with either 6 % or 10 % mannitol or glucose after 48 hours of 
hydration with water ................................................................................104 
TABLE 34 ANOVA results for the light-adapted chlorophyll fluorescence (F'v/F'm) 
responses from the lichen Collema over time during a second hydration 
period after a treatment with either 6 % or 10 % mannitol or glucose as an 
initial hydration event during an initial hydration period after two years of 
storage. .....................................................................................................104 
TABLE 35 ANOVA results for the light-adapted chlorophyll fluorescence responses 
from the lichen Collema over time during a second hydration event after 
treatment with either 6 % or 10 % mannitol or glucose after a 48 hours 
hydration period with just water after two years of storage .....................104 
TABLE 36 Macroscopically observed cyanobacteria mean cover eight months after 
application of slurry treatment and glucose and/or nutrient solution 
additions in the laboratory on autoclaved native gypsiferous soils acquired 
from disturbed gypsiferous topsoil piles within Lake Mead National 
Recreation Area .......................................................................................105 
TABLE 37 ANOVA results for macroscopically observed cyanobacteria cover 
responses eight months after application of slurry treatment and glucose 
and/or nutrient solution additions in the laboratory on autoclaved native 
gypsiferous soils acquired from disturbed gypsiferous topsoil piles within 
Lake Mead National Recreation Area.  ....................................................105 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
xiii 
 
LIST OF FIGURES 
 
FIGURE 1 Filamentous cyanobacteria aggregating soil particles in a biological soil 
crust piece obtained from gypsiferous soils in Lake Mead National 
Recreation Area, USA  ..............................................................................36 
FIGURE 2 Lichens Collema and Peltula patellata covering soil surface in gypsiferous 
soils in Lake Mead National Recreation Area, USA.  ...............................36 
FIGURE 3 The Extent of the Mojave Desert in the southwestern United States and 
Lake Mead National Recreation Area  .......................................................63 
FIGURE 4 Lake Mead National Recreation Area, Northshore Road reconstruction 
corridor  ......................................................................................................63 
FIGURE 5  Mean cover with standard error of the lichens Collema, Placidium, and 
Peltula, and total moss from experimental treatment field plots with 
biological soil crust inoculants and undisturbed plots in gypsiferous soil in 
the eastern Mojave Desert. .......................................................................106 
FIGURE 6 Mean cover with standard error of biological soil crust from experimental 
treatment field plots with biological soil crust inoculants and undisturbed 
plots in gypsiferous soil in the eastern Mojave Desert. ...........................106 
FIGURE 7 Mean cover with standard error of macroscopically observed 
cyanobacteria from experimental treatment field plots in gypsiferous soil 
in the eastern Mojave Desert ....................................................................107 
FIGURE 8 The effects on macroscopically observed cyanobacteria cover of a two-
way interaction between the main treatments wood shavings and Ambrosia 
presence in experimental treatment field plots in gypsiferous soil in the 
eastern Mojave Desert..............................................................................107 
FIGURE 9 Mean cover with standard error of organic matter with and without topsoil 
treatments in experimental treatment field plots in gypsiferous soil in the 
eastern Mojave Desert..............................................................................108 
FIGURE 10 Mean cover with standard error of organic matter with and without the 
addition of the main treatment wood shavings in experimental treatment 
field plots and in undisturbed plots in gypsiferous soil in the eastern 
Mojave Desert ..........................................................................................108 
FIGURE 11 The effects on organic matter from the two-way interaction between the 
main treatments wood shavings and topsoil in experimental treatment field 
plots with only wood shavings and topsoil treatment combinations and in 
all experimental treatment field plots in gypsiferous soil in the eastern 
Mojave Desert ..........................................................................................109 
FIGURE 12 Mean cover with standard error for non-native annual plants in 
experimental field treatment plots and undisturbed plots in gypsiferous 
soil in the eastern Mojave Desert. ............................................................110 
FIGURE 13 Mean cover with standard error of the non-native annual graminoids 
Bromus rubens and Schismus spp. for experimental field and undisturbed 
treatment plots in gypsiferous soil in the eastern Mojave Desert  ...........110 
FIGURE 14 Non-native annual plant cover with standard error with and without topsoil 
treatments in experimental treatment field plots in gypsiferous soil in the 
eastern Mojave Desert .............................................................................111 
xiv 
 
FIGURE 15 Non-native annual plant cover with standard error and specifically Bromus 
rubens and Schismus cover with and without the addition of topsoil 
treatment in experimental treatment field plots in gypsiferous soil in the 
eastern Mojave Desert..............................................................................111 
FIGURE 16 The effects on the cover of the non-native annual graminoid Schismus of 
the three-way interaction between biological soil crust inoculation, topsoil, 
and wood shavings in experimental treatment field plots in gypsiferous 
soil in the eastern Mojave Desert .............................................................112 
FIGURE 17 Mean dark-adapted chlorophyll fluorescence with standard error at 6, 12, 
24, and 48 hours after hydration for the lichen Collema sampled from 
experimental treatment field plots and undisturbed plots in gypsiferous 
soil in the eastern Mojave Desert .............................................................113 
FIGURE 18 Mean light-adapted chlorophyll fluorescence with standard error at 6, 12, 
24, and 48 hours after hydration for the lichen Collema sampled from 
experimental treatment field plots and undisturbed plots in gypsiferous 
soil in the eastern Mojave Desert .............................................................113 
FIGURE 19 Mean chlorophyll fluorescence actual quantum yield with standard error at 
6, 12, 24, and 48 hours after hydration for the lichen Collema sampled 
from experimental treatment field plots and undisturbed plots in 
gypsiferous soil in the eastern Mojave Desert .........................................114 
FIGURE 20 Mean values of the proportion of the light absorbed by PSII that is actually 
used in photochemistry with standard error at 6, 12, 24, and 48 hours after 
hydration for the lichen Collema sampled from experimental treatment 
field plots and undisturbed plots in gypsiferous soil in the eastern Mojave 
Desert. ......................................................................................................114 
FIGURE 21 Estimated mean abundance with standard error of cyanobacteria for one 
gram of surface soil in experimental treatment field plots with and without 
biological soil crust inoculants and undisturbed plots in gypsiferous soil in 
the eastern Mojave Desert ........................................................................115 
FIGURE 22 The effects on the estimated mean abundance of filamentous 
cyanobacteria from one-way, two-way, and three-way treatment 
interactions between biological soil crust inoculation, topsoil, and 
Ambrosia presence in experimental treatment field plots in gypsiferous 
soil in the eastern Mojave Desert .............................................................116 
FIGURE 23 The effects on the estimated mean abundance of colonial cyanobacteria 
from one-way, two-way, and three-way treatment interactions between 
biological soil crust inoculation, topsoil, and Ambrosia presence in 
experimental treatment field plots in gypsiferous soil in the eastern 
Mojave Desert ..........................................................................................117 
FIGURE 24 The effects on the estimated mean abundance of unicellular cyanobacteria 
from one-way, two-way, and three-way treatment interactions between 
biological soil crust inoculation, topsoil, and Ambrosia presence in 
experimental treatment field plots in gypsiferous soil in the eastern 
Mojave Desert ..........................................................................................118 
 
xv 
 
FIGURE 25 The effects on the estimated mean abundance of total cyanobacteria and 
algae from one-way, two-way, and three-way treatment interactions 
between biological soil crust inoculation, topsoil, and Ambrosia presence 
in experimental treatment field plots in gypsiferous soil in the eastern 
Mojave Desert ..........................................................................................119 
FIGURE 26 Mean soil stability with standard error for main treatments and two-way 
and three-way interactions between biological soil crust inoculation, 
topsoil, and wood shavings in experimental treatment field plots in 
gypsiferous soil in the eastern Mojave Desert .........................................120 
FIGURE 27 Mean nitrate concentrations in parts per million with standard error for 
samples from undisturbed plots and experimental treatment field plots 
with and without biological soil crust inoculation in gypsiferous soil in the 
eastern Mojave Desert .............................................................................121 
FIGURE 28    Mean ammonium concentrations in parts per million with standard error 
for samples from undisturbed plots and experimental treatment field plots 
with and without biological soil crust inoculation in gypsiferous soil in the 
eastern Mojave Desert..............................................................................121 
FIGURE 29 The effects of the two-way interaction between wood shavings and 
Ambrosia on nitrate concentrations in parts per million in samples from 
experimental treatment field plots in gypsiferous soil in the eastern 
Mojave Desert ..........................................................................................122 
FIGURE 30 The effects of the two-way interaction between topsoil and Ambrosia on 
nitrate concentrations in parts per million in samples from experimental 
treatment field plots in gypsiferous soil in the eastern Mojave Desert ....122 
FIGURE 31 The effects of the two-way interaction between wood shavings and 
Ambrosia on ammonium concentrations in parts per million in samples 
from experimental treatment field plots in gypsiferous soil in the eastern 
Mojave Desert  .........................................................................................123 
FIGURE 32 The effects of the two-way interaction between topsoil and Ambrosia on 
ammonium concentrations in parts per million in samples from 
experimental treatment field plots in gypsiferous soil in the eastern 
Mojave Desert ..........................................................................................123 
FIGURE 33 Mean light-adapted chlorophyll fluorescence with standard error over time 
during an initial hydration event after two years of storage with the 
treatments of either 6% or 10% mannitol or glucose on the lichen Collema 
collected from gypsiferous soil in the eastern Mojave Desert .................124 
FIGURE 34 Mean light-adapted chlorophyll fluorescence with standard error over time 
after two years of storage and with treatments of either 6% or 10% 
mannitol or glucose after 48 hours of hydration with water on the  
lichen Collema collected from gypsiferous soil in the eastern Mojave 
Desert .......................................................................................................124 
FIGURE 35 Mean light-adapted chlorophyll fluorescence with standard error over time 
during a second hydration period after during the first hydration period the 
initial hydration event was with either 6% or 10% mannitol or glucose on 
the lichen Collema collected from gypsiferous soil in the eastern Mojave 
Desert .......................................................................................................125 
xvi 
 
FIGURE 36 Mean light-adapted chlorophyll fluorescence with standard error over time 
during a second hydration period after during the first hydration period the 
last hydration event was with either 6% or 10% mannitol or glucose on the 
lichen Collema collected from gypsiferous soil in the eastern Mojave 
Desert.  .....................................................................................................125 
FIGURE 37 Dark- and light-adapted chlorophyll fluorescence responses with standard 
error from the lichen Collema collected August 2012 from undisturbed 
gypsiferous biological soil crust communities in the eastern Mojave Desert 
and from samples left in storage for 3 and 4 years collected in 2008 from 
gypsiferous soil in the eastern Mojave Desert .........................................126 
FIGURE 38 Mean cyanobacteria cover with standard error in nursery flats eight 
months after application with slurry produced from biological soil crusts 
collected from gypsiferous soil in the eastern Mojave Desert with and 
without glucose and/or nutrient solutions ................................................127 
FIGURE 39 The effects on the cover of cyanobacteria eight months after application of 
slurry produced from biological soil crusts collected from gypsiferous soil 
in the eastern Mojave Desert and treatment with nutrient and glucose and 
their a two-way interactions .....................................................................127 
 
 
 
 
 
 
1 
 
CHAPTER 1 
INTRODUCTION 
The goals of this research were to assist with the recovery and rehabilitation of 
biological soil crust (BSC) in gypsiferous soil habitat in the eastern Mojave Desert 
through implementation of applicable restoration techniques in highly disturbed 
gypsiferous soil BSC communities in Lake Mead National Recreation Area (LMNRA). 
Several decades of research have shown that the soil surface in hot and cold deserts, 
although inhospitable to many organisms, is inhabited by a myriad of organisms from 
several different phyla, including plant, fungal, animal, bacterial, and archaeal phyla 
(Bates et al. 2010; Evens and Johansen 1999; Harper and Marble 1988; Metting 1981; 
West 1990). In recent years there has been a greater amount of outreach by scientists to 
other scientists (e.g. BSC-oriented symposia, lectures) and non-scientists (e.g. signage at 
trailheads) about the sensitivity and importance of these intricate soil ecosystems.  
BSCs, which are composed of lichens, fungi, mosses, cyanobacteria and other 
bacteria, archaea, green algae and other eukaryotic microorganisms (West 1990), and 
microfauna such as nematodes and protozoa (Zak and Freckman 1991), have important 
and foundational roles in ecosystems across the earth. These organisms contribute to and 
influence ecosystem processes and functions such as soil development (Bardgett 2005), 
nutrient cycling (Evens and Lange 2001), soil erosion potential (Kleiner and Harper 
1972), ecosystem hydrology (Belnap 2006), seed ecology and seed banks (Belnap et al. 
2001; Eckert et al. 1979), and vegetation diversity and density (Belnap et al. 2001). BSC 
organisms influence how an environment is buffered by, reacts to, and recovers from 
physical stressors such as wind (e.g. Belnap and Gillette 1997, 1998) and precipitation 
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events (e.g. Eldridge and Greene 1994) and yearly and seasonal climate variation (Belnap 
et al. 2004; Evens et al. 2001). The organisms’ diverse morphologies and processes often 
create unique and biologically complex environments.   
Opportunity for Research 
The Rehabilitate Northshore Road Project (Northshore project) within LMNRA 
has provided an area for the study of disturbed and undisturbed gypsiferous BSC 
communities and related restoration research. The Northshore project included impacts 
on formerly undisturbed sensitive BSC communities associated within gypsiferous soil 
types, which is the focus of this thesis research. These soil crusts contain a high diversity 
of organisms and include lichens and bryophytes (Rosentreter and Belnap 2001). Due to 
the vulnerability of BSC communities to disturbance and the estimated length of time 
required for desert BSCs and ecosystems to recover after disturbance (Belnap and 
Eldridge 2001), restoration of these systems can provide multiple benefits including 
restoring BSC’s ability to arrest or reduce soil erosion after disturbance, assisting with the 
reestablishment of ecosystem functions and services such as nutrient cycling, and 
providing a native habitat that supports native vegetation and wildlife communities. An 
additional benefit of restoration is fulfilling the National Park Service’s mission of 
maintaining and reducing trammeled areas and restoring the visual consistency of the 
landscape. The Organic Act states that the purpose of the National Park Service is to 
“conserve the scenery and the natural and historic objects and the wildlife therein… by 
such means as will leave them unimpaired for the enjoyment of future generations” ((39 
Stat.535), 16 U.S.C. 1,3,9a,460 1-6a(e), 462(k); C.F.R. Title 36 Chpt I, (Pt 1-199)). As a 
result, disturbances and destruction of habitats within the national parks should be 
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mitigated and restored as well as feasible to the visual consistency and functional roles of 
ecosystems close to its natural state. 
Justification for Study 
This research explores the potential of restoring BSC communities as a benefit for 
the overall rehabilitation of a disturbed landscape by utilizing salvaged BSC as inocula in 
disturbed habitats in combination with resource augmentation and surface soil 
stabilization treatments to accelerate the ecosystem trajectory toward sustainability, and 
this research involves monitoring the progress of treatment applications to identify the 
impacts on BSC organisms through the processes of salvage, storage, and field 
inoculation. Disturbance to BSCs has been estimated to take decades to centuries to 
recover depending on the ecosystem, BSC community, and climate (Belnap and Eldridge 
2001). Current studies on soil crust restoration show promising success (e.g. Maestre et 
al. 2006). However, restoration research on crusts containing later successional species, 
such as lichens and bryophytes, is limited and problematic due to slow growth and low 
reproduction rates. 
Applied Restoration Research Goals 
The intent of rehabilitation and restoration of disturbed ecosystems is to identify 
and mitigate the barriers to successful recovery, provide the resources necessary to assist 
with restoring the historical ecosystem trajectory or enable the disturbed ecosystem to set 
a new trajectory that will be ecologically beneficial for maintaining the structure and 
integrity of the ecosystem and reduce the disturbance to the surrounding native 
ecosystems (Society for Ecological Restoration International Science & Policy Working 
Group 2004). A focus on community and ecosystem ecology within the ecological 
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restoration of BSC assists with identifying species interactions and interactions with the 
macroscopic and microscopic biotic and abiotic environmental factors, identifying the 
role of soil crust organisms in the soil ecosystem and succession, and establishing 
restoration goals.  
The goals of this thesis encompass several objectives: 1) identify potential 
barriers to natural and assisted recovery through a review of current BSC and restoration 
research literature; 2) identify applicable restoration methods to apply to disturbed 
gypsiferous soil BSC communities in the Mojave Desert and test methods in field, 
greenhouse, and/or laboratory studies; 3) after study implementation identify the 
techniques that were successful and which were not and identify why; 4) propose further 
directions and research goals by building upon the results of the information provided 
within this study. Chapter 2 is a literature review of current BSC and restoration research. 
Chapter 3 contains methods and explains why particular methods were chosen. Chapter 4 
presents results along with discussion. Chapter 5, the conclusion, provides a summary 
and covers the last objective as well as management objectives for future research.  
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CHAPTER 2 
LITERATURE REVIEW 
Introduction 
In many arid and semi-arid habitats throughout the world vegetation is sparse or 
absent resulting in large areas void of macrovegetation. These seemingly open spaces are 
not depauperate but rather are filled with a diversity of organisms that form a surface 
biological soil crust (BSC). BSCs are a key part of a these arid systems providing 
essential ecosystem functions. They are quite resilient to extreme temperatures, droughts, 
and radiation, although extremely vulnerable to disturbances that upset their physical 
integrity (Belnap et al. 2001a).  
Healthy, well-developed BSCs play several roles in desert ecosystems where 70 
to 80 % of the living cover is composed of BSC communities (Belnap 1990). BSCs are 
an almost continuous photosynthetic (Garcia-Pichel and Belnap 1996; Lange et al. 1992; 
Metting 1981) and nitrogen-fixing surface layer in the plant interspaces (Belnap 1996; 
Evans and Ehleringer 1993; Fletcher and Martin 1948). BSCs influence soil surface 
characteristics, and these surface characteristics in conjunction with BSC processes 
influence the erosion potential, the hydrologic cycle, and nutrient cycling within the 
surface soil, and seed and vegetation ecology. 
While the impact of disturbance depends on such factors as soil properties, 
vegetation, climate characteristics, and the type and severity of the disturbance (Belnap 
and Eldridge 2001), disturbance to these organic crusts are at least known to negatively 
influence ecosystem stability and a sustainable trajectory. Even minor disturbances can 
negatively impact BSC’s functions, creating an unstable ecosystem. In some cases 
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avoidance of disturbance is impossible, activities supersede or necessitate disturbance 
(e.g. road reconstruction), or the awareness of BSCs presence and ecosystem 
contributions is minimal or absent. As a result, negative consequences may impede native 
system processes and functioning. 
Due to the increased interests in BSC communities over the last few decades, the 
growing knowledge about the contributions of BSCs to ecosystem health, functioning, 
and sustainability, and the potential use of native soil biota for practical ecosystem 
application, rehabilitation and restoration measures are recognized as activities 
contributing to ecosystem recovery and/or stabilization. However, rehabilitation and 
restoration research, while progressive, is yet limited. Feasible methods for assisting with 
rehabilitation of disturbed BSC remain underdeveloped.  
The present chapter explores current literature in BSC and restoration research 
and its applicability to disturbed BSC and vegetation communities in gypsiferous soils 
types in LMNRA and in the eastern Mojave Desert. These systems are highly resilient, 
but also highly vulnerable. Furthering our knowledge of these communities and testing 
the potential for restoration is important and has multiple opportunities for future 
application. 
Biological Soil Crusts Overview 
BSCs are composed of a diversity of organisms including lichens, a symbiotic 
relationship between a fungus (mycobiont) and a photosynthetic partner (photobiont), 
mosses, fungi, free-living cyanobacteria, a diversity of other bacteria, archaea, free-living 
green algae or other algae, and other eukaryotic and prokaryotic microfauna (Bates et al. 
2010; Evens and Johansen 1999; Metting 1981; West 1990). This bio-rich zone varies in 
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thickness and is a part of a complex matrix associated with grains, voids and cracks, and 
sedimentary rock deposits formed during sedimentation by precipitation or 
recrystallization minerals (Williams et al. 2012). The composition and density of soil 
organisms depends on several biotic and abiotic factors including solar radiation, 
precipitation type and amount, temperature, climate, topography and microtopography, 
soil parent material, soil texture, and sources of inoculants (Rosentreter and Belnap 
2001). While cool deserts tend to support greater biodiversity, including the presence of 
lichens and mosses in BSCs, arid and semiarid desert BSCs are usually dominated by 
cyanobacteria (Rosentreter and Belnap 2001). However, in some soil types in arid 
environments, such as gypsiferous soils, a greater diversity and density of lichens and 
mosses are supported (Anderson et al. 1982b; Kleiner and Harper 1972) compared to 
other Mojave Desert soil types (Johansen 1993).  
Gypsiferous Soils and the Mojave Desert Climate 
Gypsiferous soil properties and the Mojave Desert climate provide conditions 
which support higher BSC organism diversity and density compared to non-gypsic soils 
(Kleiner and Harper 1972; Anderson et al. 1982a). Gypsiferous soils with limited biotic 
content form a physical crust on the soil surface, reducing the surface soil texture, 
decreasing water infiltration, and reduce seed infiltration into surface soils and emergence 
(Belnap 2001a). The mineral gypsum (CaSO4·2H2O) is hyperthermic, has a weak 
crystalline structure, and readily dissolves in water. Due to these properties, gypsum 
leaches downward into subsurface soils with water and is moved towards the surface by 
capillary rise if there is a high water-table. Pedogenic gypsum can accumulate in 
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subsurface horizons clogging the S-matrix where the growing gypsum crystals will 
interlock and indurate the soil horizon (Kulchitski 1956).  
Gypsiferous soils are weakly aggregated and particles have no cation exchange 
capacity. Soils with gypsum content over 15% tend to be unstable, more permeable with 
poor structural stability and low water retention capacities. However, content exceeding 
25% increases soil stability due to physical crust development (Boyadgiev 1974), and 
physical crust development restricts vegetation growth (Smith and Robertson 1962). 
Additionally, in higher gypsum content soils (25-35%) water is more readily retained, 
and gypsum above 35% increases its water retention. Gypsiferous soils can be paired 
with the presence of calcium carbonate (CaCO3). Boyadgiev (1974) and Vieillefon 
(1976) observed that when calcium carbonate and gypsum are in soft powdery forms, 
they are negatively related: calcium carbonate content decreases and gypsum content 
increases. Calcium carbonate solubility decreases with gypsum present due to the 
common ion effect (Ca
2+
). However, when gypsum or calcium carbonate is in other 
forms, this interaction is insignificant.  
Gypsiferous soils tend to be low in organic content. They are also poor in 
phosphorus and nitrogen (Minashina 1956; Van Alphen and de los Rios Romreo 1971). 
Phosphorus transport is reduced in soils with higher gypsum content as available 
phosphorus is slowly converted to insoluble forms (Zhu and Alva 1994). Singh and 
Taneja (1977) found the rate of nitrogen mineralization in saline non-gypsiferous soils 
was stimulated by the addition of small amounts of gypsum, but with higher rates, 
nitrogen mineralization decreased. Gupta and Salaran (1971) found with the addition of 
gypsum to saline and sodic soils stimulated fungus populations.  
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The Mojave Desert regularly has summer time temperatures exceeding 37°C 
paired with extremely low relative humidity with irregular yearly monsoonal influence 
(Gorelow and Skrbac 2005). Mojave winters are usually mild with afternoon 
temperatures averaging 15°C, and most of the yearly precipitation occurs over the cooler 
months. High potential evapotranspiration (PET) rates in hot deserts usually create a soil 
environment that is dominated by cyanobacteria. As PET decreases, relative lichen and 
moss diversity and cover increase (Rosentreter and Belnap 2001).  
The climate conditions in combination with gypsiferous soil properties create an 
environment conducive to support BSC lichens and mosses. With increasing amounts of 
carbonate, gypsum, and/or silts, the soils support a greater lichen cover (Belnap and 
Lange 2001) and a greater diversity of lichens which may be restricted to gypsiferous or 
calcium rich soils (St. Clair et al. 1993; Rosentreter and Belnap 2001). Along with 
supporting more diversity and density of macroscopic BSC organisms, gypsiferous BSC 
environments have greater soil stability than other Mojave Desert BSC communities. 
Dissolved minerals attach to cyanobacterial sheath material to produce strong microbial 
sheaths (Belnap 2006). Dissolved gypsum recrystallizes on the surface of polysaccharide 
sheath material of cyanobacteria obscuring the polysaccharide material (Belnap and 
Gardner 1993).  
Gypsiferous soils tend to have a low vascular plant cover, which provides large 
interspaces for a continuous BSC cover. Microtopography can influence the location and 
density of these lichen and moss patches on the soil surface (Williams et al. 2012). These 
systems have a low soil surface roughness and crust absorptivity with a moderately high 
surface porosity (Belnap 2006). 
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Biological Soil Crust Ecosystem Properties, Functions, and Contributions 
Over the past few decades, science and research have progressed with identifying 
the roles of BSCs in ecosystem processes (Belnap and Lange 2001). BSCs are recognized 
as indicators of landscape health (Bowker et al. 2008; Eldridge and Rosentreter 1998), 
especially BSCs containing lichen species which are not greatly influenced by short-term 
climatic changes, making them ideal indicators for long-term environmental factors 
(Belnap et al. 2001c). 
Soil Stability and Reducing Soil Erosion  
Since the early 20
th
 century soil microorganisms, lichens, and mosses have been 
recognized as important agents in stabilizing surface soil crusts in areas denuded of 
macrovegetation (e.i. perennial or annual forbs, shrubs, and/or graminoids) by drought or 
erosion or void of macrovegetation (Kleiner and Harper 1972). It is well established that 
BSCs reduce erosion by wind (e.g. Belnap and Gillette 1997, 1998; Eldridge and Greene 
1994; Leys and Eldridge 1998; McKenna-Neuman et al. 1996) and water (e.g. Barger et 
al. 2006; Booth 1941; Eldridge and Greene 1994; Fletcher and Martin 1948) depending 
on the developmental stage, species presence and surface cover, and disturbance. 
Biotic crusts increase soil aggregate stability reducing erosion potential (Belnap 
and Gardner 1993; Bond and Harris 1964; Mazor et al. 1996; Schulten 1985). Several 
studies have observed the microscopic structure of cyanobacteria interlacing with soil 
particles (Belnap 1995; Belnap and Gardner 1993; Maqubela et al. 2009). Figure 1 is an 
image of filamentous cyanobacteria intertwining with soil particles in a surface soil 
sample obtained from gypsiferous BSCs in LMNRA. The exopolysaccharide sheaths that 
surround cyanobacteria bind and aggregate soil particles (Belnap 2006; Belnap and 
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Gardner 1993; Campbell 1979; Campbell et al. 1989). Belnap and Gardner (1993) and 
Friedmann and Galum (1974) observed that cyanobacteria tend to be the main stabilizing 
organisms on hot desert soils due to high PET (Rosentreter and Belnap 2001), where as in 
cooler deserts lichens and bryophytes tend to colonize in stabilized habitats, increasing 
stability. Lichen margins of squamule-shape lichens and anchoring structures (e.g. 
rhizinae, rhizoidal tuffs) (Belnap 2006) that penetrate down into the soil (Belnap 2003; 
Büdel and Scheidegger 1996) contribute to the surface texture and bio-sedimentary 
characteristics (Figure 2; Williams et al. 2012). For example, Chaudhary et al. (2009) 
found that the cyanolichen Collema contribute to surface soil erosion resistance in the 
semi-arid shrub lands of southern Utah because the lichen thalli cover the surface soil. 
Moss protonemata, which intersperse through soil surface matrix and crust, and rhizoids, 
which attach to the soil surface (Belnap 2006), provide greater stability and resistance to 
erosion (Belnap et al. 2001a).  
Hydrological Cycle: Water Infiltration, Runoff and Retention 
 It is well documented that BSC morphology can influence the hydrologic cycle 
(e.g. Belnap 2006; Belnap and Gardner 1993; Eldridge and Rosentreter 1999; Verrecchia 
et al. 1995; Warren 2003a, 2003b; Williams et al. 1999). This is due to the poikilohydric 
nature of BSCs, which allows the organisms to absorb water and reduce evaporation from 
the soil (Kershaw and Rouse 1971), and is due to BSC influence on soil surface 
characteristics such as soil texture, aggregation, cohesiveness, absorptivity, roughness, 
cracking, micro- and macropore formation, water permeability, infiltration, and retention 
(Loope and Gifford 1972; Warren 2003a, 2003b). Influence on the hydrologic cycle 
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additionally depends upon the interactions of BSC community and soil properties 
(Belnap 2006).  
BSC organisms are poikilohydric and highly desiccation tolerant; their water 
content closely reflects the fluctuations of humidity and precipitation in their 
environments, and they have the ability to dry out to low water contents and resume 
normal functioning when rehydrated. Poikilohydry is roughly a physical process of an 
organism reacting to the water content of its environment (Rundel 1988). This allows 
structures to survive in dry climates by limiting metabolic activity to hydration events.  
Soil organisms influence surface soil characteristics and properties and influence 
water infiltration, retention, permeability (Belnap 2006; Loope and Gifford 1972), and 
soil evaporation rates (Xiao et al. 2010). Belnap and Gardener (1993) report that 
cyanobacteria provide additional structure to soils that enhanced hydraulic conductivity.  
Infiltration and retention depends on BSC species and morphology, and soil properties 
such as texture. Water infiltration and surface soil stability are related to cyanobacterial 
biomass and cover and the cover of more surface stabilizing species such as mosses and 
lichens. Some studies observed that high cover of BSCs increases infiltration rates and 
protects the underlying surface soil-absorbed water, reducing evaporation and water 
runoff (Eldridge and Greene 1994; Barger et al. 2006), but also reduces intrinsic 
permeability (Loope and Gifford 1972) and decreasing soil porosity (Belnap 2006). 
Williams et al. (1999) found that microbiotic crusts did not significantly influence soil 
hydrology at alluvial sites.  
Crust organisms develop a textured soil surface, rolling to rugose to pinnacled, 
which influences the pattern of flow of water over the soil surface and can redirect water 
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runoff down slope. George et al. (2003) observed that any biotic cover improved water 
retention compared to bare soils, which may be due to several factors including the water 
holding capacities of BSC organisms and their surface structures covering soils. 
Cyanobacteria can absorb up to 10 times their volume in water (Campbell 1979; 
Verrecchia et al. 1995). Mosses and lichens have high water-holding capacities (Lange et 
al. 1998), absorb more water than cyanobacteria, and expand over the soil surface 
covering pores and reducing water penetration in those areas (Galun et al. 1982). Green 
algal lichens can absorb up to 250-400% water content and cyanolichens can be 600 to 
2000% (Nash 1996). Gelatinous lichens absorb more water than crustose and squamulose 
lichens (Blum 1974). 
Non-biotic or physical crusts, which form on gypsiferous soils, restrict water 
infiltration (Warren 2001a). Cyanobacteria create micropore channels increasing water 
infiltration (Greene 1992). However, in cyanobacteria-dominated crusts such as crusts 
that occur on sandy soils, Verrecchia et al. (1995) observed water infiltration was less 
than disturbed locations that had reduced cyanobacteria biomass suggesting that these 
crusts reduce infiltration. Yair (1990) observed that cyanobacteria produced smooth 
crusts, which reduced retention times.  
Cyanobacteria trichomes absorb water and swell. It has been suspected that they 
will clog pores reducing soil porosity and limit infiltration after swelling (Campbell 1979; 
Verrecchia et al. 1995). The exopolysaccharide sheaths surrounding the trichomes retain 
water longer either by absorption of moisture into the sheath or obstructing diffusion 
(Friedmass and Galum 1974). However, Belnap and Gardner (1993) observed 
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cyanobacteria in sand-dominated soils with scanning electron microscope images and 
found that swelling of cyanobacteria was not sufficient to restrict water flow.  
Nitrogen and Carbon Fixation, Nutrient Cycling, and Dust Traps 
BSCs contribute to an almost continuous, textured photosynthetic and nitrogen-
fixing surface layer between vegetative plants in hot deserts. BSC organisms are primary 
contributors to the carbon cycle via photosynthesis and to the nitrogen cycle through 
nitrogen fixation by cyanobacteria and cyanolichens (Belnap 2002a, 2002b; Harper and 
Belnap 2001). As a result BSCs play an important role in nutrient cycling (Belnap 2001b; 
Evens and Lange 2001). Cyanobacteria contribute to primary production and addition of 
organic carbon and organic nitrogen. All photosynthetic BSC organisms, including 
lichens and mosses, contribute to carbon fixation. Cyanolichens, lichens with a 
cyanobacteria photobiont, also contribute to nitrogen fixation in soils (Ahmadjian 1993; 
Dodds 1989). Bowker et al. (2010) noted that cyanolichens in the genus Collema are 
believed to make larger contributions to the whole ecosystem nitrogen fixation than free-
living cyanobacteria, heterotrophs, and plant-bacteria associations.  
BSCs also contribute bioessential nutrients to the surface soils (Garcia-Pichel and 
Belnap 1996). Some cyanobacteria species, such as Microcoleus vaginatus, and the clay 
particles that bind to them (Belnap and Gardner 1993) are negatively charged and may 
bind positively charged macronutrients (Belnap and Gardner 1993) concentrating 
essential biological nutrients (Harper and Pendleton 1993). Soils with BSCs may have 
greater concentrations of organic matter, soil nitrogen, exchangeable manganese and 
calcium, potassium, magnesium, and available phosphorus (Harper and Pendleton 1993).  
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Textured soil surfaces produced by BSC organisms trap aeolian dust. Sticky 
cyanobacterial exopolysaccharide sheath material, textured mosses, and lichen thalli trap 
airborne silts and clays (Belnap 2006), accumulating and retaining nutrient-rich dust, 
which contributes plant-essential nutrients to the upper most soil layers (Belnap et al. 
2003b; Reynolds et al. 2001), and influences the vegetative community (Rogers and 
Burns 1994; West 1990). Filamentous cyanobacteria capture small amounts of dust 
(Belnap and Gardner 1993; Campbell 1979), while mosses and lichens capture greater 
amounts of dust, accumulating fine grain material (Johansen 1993; Williams et al. 2012). 
Overall, BSCs have been found to have greater concentrations of carbon and nitrogen 
enrichment as well as greater amounts of calcium, chromium, manganese, copper, and 
zinc (Beraldi-Campesi et al. 2009). 
BSC Influences on Seed and Vegetation Ecology 
Due to properties already discussed that influence the physical and chemical soil 
environment, BSCs additionally influence the composition and structure of the perennial 
and annual vascular plant community. It is difficult to assign a correlation between BSCs 
and all vascular plant communities. Johansen (1993), Eldridge (1993), Hawkes and 
Menges (2003), Prasse and Bornkamm (2000), and West (1990) found a negative 
relationship between vascular plant cover and BSCs, which may either indicate BSCs 
limit vascular plant cover or possibly that BSCs occupy open spaces which otherwise 
would be uninhabited (Belnap et al. 2001b). Anderson et al. (1982b) reported no 
correlation between BSC cover and plant cover. Carleton (1990), Graetz and Tongway 
(1986), and Lesica and Shalley (1992) reported positive correlations. Escudero et al. 
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(2007) found that BSC influence depended on the BSC species that were present and was 
vascular plant species-specific.  
Soil texture and roughness, the physical and chemical crusts, and climate 
characteristics, as well as BSC species composition and density likely all influence the 
vascular plant community (Belnap et al. 2001b). BSCs may have an inhibitory affect on 
non-native plants due to surface structuring (Belnap et al. 2001a), although the literature 
is not conclusive. For example Rogers and Burns (1994) and West (1990) observed traps 
formed by BSCs increase retention of seeds, organic matter and sediments. BSCs provide 
safe sites for seedlings; however they may also create physical barriers to seedling 
emergence (Romão and Escudero 2005) and competition for early stage seedling 
development (Belnap et al. 2001b). Serpe et al. (2008) observed that the presence of the 
lichen Diploschistes muscorum, which was dominant on the soil surface, significantly 
reduced the germination of grass and root penetration compared to bare soils and soil 
crusts with a diversity of surface organisms. Serpe et al. (2006) observed that the short 
moss Bryum argenteum had inhibitory effects on grass seed germination, but the tall most 
Tortula ruralis only delayed grass germination. Plant-BSC interactions may also be 
species specific (Escudero et al. 2007). Harper and Pendleton (1993) found that BSCs 
had a significant influence on tissue content of several bioessential elements in certain 
native plants. DeFalco et al. (2001) observed that winter annuals and plant densities were 
greater on crusts compared to soils lacking crust cover, which was attributed to enhanced 
soil conditions in crusted soils. Additionally, Hernandez and Sandquist (2011) and 
DeCort (2011) observed significantly fewer exotic plant species establish on undisturbed 
BSCs than disturbed or open surfaces, respectively. 
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Impacts of Disturbances to Biological Soil Crusts 
Ecosystem disruption by anthropogenic activities has important implications 
including the loss of diversity, biomass and cover of soil biota, the negative influence on 
vegetation communities by impacts to seed and vegetation ecology, and the decrease of 
ecosystem functioning, integrity, and resilience (Anderson et al 1982b; Belnap and 
Eldridge 2001; Belnap et al. 1994; Eldridge 1998).One of the main concerns with 
disturbance to BSCs is the increased potential of soil erosion (Eldridge et al. 2002). 
Current evidence suggests that disturbance has profound effects on the BSC cover, 
species composition and the physiological functioning of soil crust organisms, and 
adversely affects the ecosystem processes which BSCs provide. Mechanical disturbances 
(e.g. vehicles or construction equipment) and trampling (e.g. foot traffic or grazing) can 
cause compression of surface soils or overturn surface crust organisms, which bury 
potential surviving organisms or completely remove any material that may assist 
providing inoculants for natural recovery (Campbell 1979; Johansen 1993; Webb 2002).  
Disturbance can decrease soil porosity and water infiltration (Eckert et al. 1979) 
and decrease soil stabilization by disturbance to or removal of vegetation, rock, or BSC 
cover (Vollmer et al. 1976). Disturbances that remove the biotic surface layer expose 
soils that can create physical crusts or expose soils that have little structural stability. In 
non-biotic crusts, raindrops impact the soil surface by breaking apart aggregates and 
washing smaller particles into spaces between larger soil particles. This reduces 
infiltration rates by clogging soil pores. As the soil dries, a physical crust forms from 
surface tension pulling soil components together (Tackett and Pearson 1965), which 
increases water runoff and soil erosion. Disturbances can also prevent the vertical 
18 
 
movement of cyanobacteria through the surface soil and prevent later successional 
species from reestablishing. 
Lichens and mosses fix more carbon and cyanolichens fix more nitrogen per unit 
soil surface than cyanobacteria (Barger et al. 2005; Phillips and Belnap 1998). The 
lichens Collema coccophorum and C. tenax are two commonly occurring cyanolichen 
crust species that contribute to erosion resistance in the semi-arid shrubland of southern 
Utah and other dryland ecosystems of the southwest United States (Evens and Ehlringer 
1993). On undisturbed late-successional dark cyanolichen crusts, Barger et al. (2006) 
observed that dissolved organic carbon, dissolved organic nitrogen, and ammonium were 
significantly greater compared to trampled plots. With reduced BSC cover, erosion 
potential increases and can lead to decreased carbon inputs (Barger et al. 2006) and 
nitrogen inputs (Barger et al. 2005; Barger et al. 2006; Evens and Belnap 1999; Evens 
and Ehleringer 1993).  
Belnap and Gillette (1997, 1998) demonstrated that the wind threshold friction 
velocities varied between disturbed and undisturbed crusts at varying levels of 
development and species compositions. Recently disturbed soils or less well-developed 
crusts (defined as crusts only containing cyanobacteria) experienced wind speeds that 
exceeded stability thresholds, promoting crust biomass removal and contributing to 
increased erosion and reduced fertility (Belnap and Gillette 1998). Benqiang et al. (2011) 
observed that sand burial of cyanobacterial crusts imposed severe distress on organisms 
including reduced photosynthetic ability and protective pigment concentrations, damaged 
photosystem II activity, and decreased carbohydrate reserve. 
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Kleiner and Harper (1972) found BSC cover and richness were greater in 
ungrazed sites versus grazed sites. DeCort (2011) and Hernandez and Sandquist (2011) 
observed higher cover of non-natives in disturbed BSCs. Anderson et al. (1982a,1982b) 
determined the relationship of some physical and chemical soil factors to crust 
development and to grazed versus not grazed desert sites. The authors observed that the 
soil parameters that favor development of crusts varied with different degrees of BSC 
development, such as silts being significantly more common in better developed crusts, 
and that developed BSCs had a high correlation between the combination of electrical 
conductivity values, soil phosphorus levels, and pH. The authors did not find a 
correlation between abiotic environmental factors in grazed and not grazed areas, but did 
find that lichens and mosses were reduced in cover in grazed sites. Williams et al. (1999) 
observed that soil pH and electrical conductivity values differed statistically between 
undisturbed BSC plots and scalped treatments with no hydrologic or biological 
significance.  
Natural Recovery 
Natural recovery after environmental or human disturbance is difficult to estimate 
or assess. Methods of assessing impacts and estimating recovery have been variable in 
the past; some studies assessed cover, while others have focused on biomass or 
physiological functioning (Belnap and Eldridge 2001). The methods for monitoring are 
not consistent with either a focus on morphological or functional groups of macroscopic 
species, which can be difficult to positively identify in the field (Eldridge and Rosentreter 
1999). It is agreed that the greater the disturbance, the slower the recovery. Disturbances 
that remove the surface BSCs completely or result in a high mortality of crustal 
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organisms will require longer periods of time to regenerate and/or recover (Belnap 1993; 
Belnap and Rosentreter 2001; Johansen 1993).  
Generally, the well recognized succession of BSCs is cyanobacteria (Zhang 
2005), which provide initial stabilization, then lichens and mosses. Cyanobacteria are 
likely to colonize first due to their greater mobility, being able to disperse by wind 
(Schlichting 1969) and their ability to glide vertically through the top few millimeters of 
the soil surface (Garcia-Pichel and Pringault 2001). Cyanobacteria-dominated crusts 
colonize initially (Belnap 1993), and with soil stabilization, lichens and mosses may 
colonize if soil and climate conditions permit (Belnap 2006). Cyanobacteria provide 
much of the soil crust biomass and stability through production of exopolysaccharide 
sheaths winding throughout the soil surface binding soil particles together (Belnap 2002a; 
Belnap and Gardner 1993; Garcia-Pichel and Belnap 1996).  
Past literature has under- and over-estimated recovery of metrics such as BSC 
cover (Belnap and Eldridge 2001). Belnap (1993) found that after 2 and 5 years after 
scalped treatments were applied in gypsiferous and sandy soils, respectively, 
cyanobacteria were observed to be recovering well; however, lichens and mosses were 
not. Anderson et al. (1982b) also observed that lichen, moss, and algal cover was greatly 
reduced by domestic grazing and after exclusion increased cover from 4% to 15% during 
the first 14-18 years and an additional 1% over the following 20 years. Belnap and 
Warren (2002) observed the famous Patton’s tracks from military tank maneuver 
exercises in the Mojave Desert during World War II and found that the cyanobacterial 
component had recovered after 55 years from 46-65% in tracks compared to contents 
found in adjacent undisturbed areas and that lichen cover recovery was much slower and 
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impacts on lichens were species specific, with Collema tenax only a recovery of 6% and 
Placidium squamulosum only a recovery of 3%.  
Fire may not currently be a concern in gypsiferous soils in the Mojave; however, 
with climate change and/or introduction of non-native invasive plant species, the 
potential may still present itself. Fire is an issue in other Mojave Desert habitats (Brooks 
1999). Two non-native grasses associated with potential fire, Bromus rubens and 
Schismus are both located within soil intrusions (e.g. washes and washlets) and disturbed 
soils in LMNRA. Natural fires produce a mosaic of burned and unburned areas of BSCs 
(Johansen et al. 1993), which provide reserve sources of native propagules (Johansen et 
al. 1984). Johansen et al. (1993) found that crust organisms only started to recover during 
optimal seasonal conditions in the winter months. There was not an apparent difference in 
species richness between burned and unburned plots, indicating that the burned areas 
were easily inoculated from adjacent unburned portions, or that the fire was not as 
damaging to the BSC community. Johansen et al. (1984) found that two years after fire, 
algae had considerably recovered, and five years after fire lichens and mosses only began 
to enter formerly burned areas. These studies present evidence on the succession of BSCs 
after fire disturbance; the earliest colonizers were also the most mobile through wind or 
water dispersal, followed by easily established mosses (Eldridge and Bradstock 1994; 
Johansen et al. 1984) then lichens with vegetative diaspores (Johansen et al. 1984). In 
some cases, BSC communities are unable to recover. For example Callison et al. (1985) 
observed no BSC recovery 37 years after fire in a blackbrush (Coleogyne ramosissima 
Torr.) community. 
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Factors Influencing Recovery and Potential Barriers 
Yearly and seasonal climatic conditions, climate change, temperatures, 
precipitation, UV exposure, soil composition, soil nutrient content, soil compaction, wind 
and wind-blown dust, naturally occurring inoculants in close proximity to disturbance, 
moisture absorption, surface evaporation, and water retention, types of continuous non-
human disturbance (i.e. feral burros, ants, termites, micro-invertebrate populations, etc.) 
or human disturbance all have the potential to influence BSC community recovery.   
Soil crust organisms are only biologically active when wet (Kershaw and Rouse 
1971) and require specific lengths of time of hydration for positive carbon balance to 
occur. During limited seasonal precipitation, soil crust organisms have reduced times 
when they are biologically active, when they can repair damage accrued during 
desiccation events, and reduced opportunity for active growth periods. The time of 
hydration during the year influences the ability for BSCs to remain wet. Increased 
seasonal summer rains, as predicted in climate change models for the Mojave Desert, 
may actually negatively impact BSC organisms by increasing wetting and drying cycles 
(Belnap et al. 1994; Belnap et al. 2007). Overall cover estimates for lichens and mosses 
are expected to decrease with changes in precipitation regimes (Belnap et al. 2007). For 
lichens, hydration periods during higher temperatures can have a negative impact on 
nitrogen fixation rates (MacFarlane and Kershaw 1977).  
Desiccation tolerance of bryophytes has been long studied and laboratory and 
herbaria specimens are known to remain viable for years (Alpert 2000), which is highly 
relevant to the ecological and climate conditions of the Mojave Desert. As with lichens, 
mosses require a positive carbon balance to survive; therefore, frequent wetting and 
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drying cycles slow the growth and short and frequent wetting and drying events can lead 
to a net carbon loss (Alpert and Oechel 1985). Stark et al. (2011) observed lower above-
ground biomass in the common Mojave Desert moss Syntrichia caninervis that received 
increased water treatments to mimic increased summer rains predicted with climate 
change models. Different life cycle phases responded differently to drying times. Heavy 
summer rainstorms in the Mojave Desert resulted in widespread abortion of sporophytes 
in the desert moss Grimmia orbicularis (Stark 2001). Stark (2001) postulated that stresses 
from desiccation/hydration cycles due to heat in conjunction with early seta elongation 
impacted the ability for cellular repair or nutrient deficiency for the sporophyte. Stark et 
al. (2007) found that in the moss Tortula inermis sporophytes at the early seta-elongation 
phase had a greater sensitivity to a rapid drying events compared to mature 
gametophytes.  
Propagation and reproduction are additionally limited to hydration events. 
Cyanobacteria reproduce by cell division and subsequent separation of cells. Colonial and 
filamentous cyanobacteria reproduce by fragmentation in which a portion of the trichome 
breaks off forming hormogonia, which are motile and can glide through a soil medium 
when wet. Green algae reproduce asexually and sexually and require moisture for 
mobility and establishment. Fragmented lichen thalli will not normally reproduce a 
thallus. Lichen morphogenesis and reproduction require that each symbiont to 
independently reproduce and recombine for reproduction (Ahmadjiam et al. 1980; Büdel 
and Scheidegger 1996), which requires a hydration even.  Lichens with vegetative 
diaspores, such as Collema tenax, are more easily able to colonize in disturbed areas 
(Johansen et al. 1984). Mosses also require hydration events to be biologically active and 
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produce spores or for gamete dispersal and combination. In 2002, Stark (2005) recorded a 
191 day rainless period. Over a four year period in the Mojave Desert, only 8% of the 
time did the moss Crossidium crassinerve experience complete hydration and very few 
sporophytes survived (Stark 2005), demonstrating the desiccation tolerance and resilience 
of these organisms, but also the slow growth and reproduction rates.  
Exposure to both UV and radiation degrades internal cellular structures including 
photosynthesis machinery and protective pigments (Castenholz and Garcia-Pichel 2000). 
Radiation causes DNA and RNA damage, lipid peroxidation, and specific enzyme 
inhibition (Rubisco) and photoinhibition of photosynthesis (Iwanzik et al. 1983; Karentz 
et al. 1991). Castenholz and Garcia-Pichel (2000) identified three general strategies that 
mitigate damage: avoidance, repair of cellular damage, and/or production of radiation-
protective pigments. Disturbance or damage hinders the ability for crust organisms to 
respond to desiccation and rehydration events. 
Some filamentous cyanobacteria glide away from the soil surface as it begins to 
desiccate or by tracking soil moisture (Belnap et al. 1994; Garcia-Pichel and Pringault 
2001). Other species, such as Nostoc and Scytonema, have the capacity for screening 
photosynthetically active radiation (PAR) and UVB due to the synthesis of biochemicals 
which act as a screen to radiation (Wynn-Williams 2000) and are active even in rest 
states (Castenholz  and Garcia-Pichel 2000). Studies on cyanobacteria taxa from varying 
habitats show that protective pigment production increases with radiation exposure 
(Neinow et al. 1988). 
In lichens, the photobiont avoids direct exposure by the protection of photobiont 
cells from radiation by the mycobiont (Demmig-Adams et al. 1990). Lichens, such as 
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Collema rely on repair and protective pigments to assist with radiation stress. These 
species manufacture copious amount of UV-protective pigments in the fungal tissue 
(Dodds 1989; Büdel et al. 1997) and polysaccharides for protection from radiation 
exposure. Büdel et al. (1997) demonstrated that the occurrence of UV-absorbing 
substances like scytonemin and mycosporine-glycine are present in cyanobacterial 
lichens of the genera Collema, Gonohymenia, and Peltula all coming from high-light-
intensity habitats.  
Mosses reduce surface exposure by coiling the above ground structure and have 
biological controls to assist with transition into a desiccated state and to initiate repair 
mechanisms upon rehydration (Oliver et al. 2005). For the onset of surviving desiccation 
tolerance, it is hypothesized that desiccation tolerant bryophytes have mechanisms that 
constitutively initiate cellular protection and this is coupled with a rehydration-induced 
repair and recovery system (Alpert and Oliver 2002; Oliver et al. 2000, 2005; Wood 
2007).  
Altered soil characteristics may also limit or reduce the potential for recovery of 
BSC organisms. Cyanobacteria require macronutrient elements carbon, nitrogen, 
phosphorus, potassium, sulfur, and magnesium, as well as micronutrient elements. 
Calcium is also required as well as sodium regardless of the potassium status (Allen 
1965). Compacted soil also impedes natural recovery. Mulholland and Fullen (1991) 
observed that loamy sand soil compacted by cattle trampling had an increase in bulk 
density and produced dense zones impeding drainage, but did not reduce the presence of 
macropores. Chamizo et al. (2012) observed hydrology alterations due to impacts on 
BSCs, which, along with other factors, influence recovery rates of disturbed organisms. 
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In the presence of disturbance, crusts may be retained at a low successional state (e.g. 
Harper and Marble 1988; Pietrasiak et al. 2011). 
Assisted Recovery: Rehabilitation/Restoration 
Assisted recovery of BSCs with active restoration activities may decrease 
recovery times of damaged BSC organisms, BSC functions, and their inherent 
successional trajectories. Active restoration activities may also mitigate the long-term 
impacts of disturbance on ecosystems by potentially halting or reversing damage and 
reestablishing a sustainable ecosystem trajectory, either returning to a historical trajectory 
or establishing an alternative sustainable trajectory. For example, in salvaged BSCs 
certain organisms may be more resilient to this process and more resilient in response to 
inoculation.  
Active restoration activities incorporate several strategies including artificially 
enhancing soil stability, resource augmentation, and/or inoculation with native soil biota 
(Bowker 2007). Artificial stabilization can include such techniques as addition of coarse 
litter, planting vascular plants or erection of vertical mulch, or placement of engineering 
structures. Course litter combined with soils increases soil texture (Benkobi et al. 1993). 
Plant roots penetrate into soils forming macropores favorable to fluid transport and crease 
zones that fragment the soil and form aggregates (Angers and Caron 1998). Plant canopy 
also reduces impact of rain drops (Casermeiro et al. 2004; Parsons et al. 1992). 
Engineering structures on a macroscopic can reduce overall soil erosion and also collect 
dust. Although these methods have been successful in some instances (e.g. Li et al. 
2004), they can be labor intensive and/or introduce non-native, invasive species that can 
result in additional negative consequences (Bowker 2007).  
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Resource augmentation requires evidence of cause and effect relationships and 
may include the addition of moisture, nutrients or substances that assist with BSC 
growth, recovery, and sustainability. Any supplemental watering may require restrictions 
on seasonal application or amount or method of application due to the potential to cause 
stress due to watering during the incorrect time of year (Belnap et al. 2004) or causing 
erosion (Davidson et al. 2002). Nutrients may include the addition of macro or 
micronutrients. Davidson et al. (2002) tested the addition of phosphorus and potassium in 
a full-factorial field experiment which resulted in no effect on nitrogenase activity or 
lichens, but had variable effects on chlorophyll fluorescence of lichen transplants 
indicating variability of influencing the photosynthetic efficiency of treatments. Bowker 
et al. (2005) found evidence that suggested limitation of the micronutrients manganese 
may limit growth of slow-growing BSCs; however, Bowker et al. (2008) observed that 
manganese addition had little effect on the photosynthetic rates, pigment concentrations 
such as chlorophyll a and carotenoids, and concluded that correlations between 
manganese and BSC organisms remain uncertain. Qiu and Gao (1999) observed a 
positive response in the cyanobacteria Nostoc flagelliforme photosynthetic recovery after 
desiccation after the application of potassium, but no significant response of the 
photosynthetic recovery with the addition of manganese.  
The addition of metabolically related substances may also have a positive effect 
on recovery and growth of disturbed BSCs. Glucose is one of the main products of 
photosynthesis, is converted to many different derivatives for multiple cellular and 
organism functioning, and initiates cellular respiration. It has been suggested that it 
allows for chemoheterotrophic growth in the dark in some species of cyanobacteria 
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(Rippka1972). Mannitol is a sugar alcohol (polyol) and is a primary carbohydrate storage 
molecule for fungi and contributes to osmoregulation, antioxidant scavenging of free 
radicals, and desiccation and thermal tolerance of several different organisms across 
phyla. For damaged BSC organisms, the addition of simple carbohydrates that are related 
to the naturally occurring photosynthetic and metabolic pathways may assist with 
relieving rehydration stress and stress resulting from initiation of respiration and 
photosynthesis. For lichens, these substances are secreted through fungal cell walls into 
spaces between cells for other lichen components (Hill and Smith 1972; Honegger 1991). 
High concentrations of polyols and polyamines possibly protect the conformational 
integrity of proteins during desiccation (Nash 1996). 
Glucose is the primary product of photosynthesis and the primary source of 
energy in photosynthetic organisms. It is used to initiate respiration in algae, 
photosynthetic bacteria, lichens and other photosynthetic organisms. It is important in 
metabolic activity as a regulator and is used for conversion into derivatives and 
secondary metabolites for cellular functioning including during stress events. It is used to 
produce polysaccharides in lichens that are important for metabolic activity. Long periods 
of hydration can cause loss of glucose (Kershaw 1985) and reduction of nitrogen fixation. 
Exogenous addition of labeled 
14
C-glucose was used to monitor the reaction of carbon 
addition to lichens, which resulted in about 20% of the carbon sources from glucose to be 
released as carbon dioxide, 20% converted to “insoluble” glucose polysaccharide, and the 
remaining 60 % as soluble extracts, mostly mannitol, some glycoside and other 
unidentifiable substances (Smith 1961). Campbell (2010) found that an epiphytic 
cyanolichen was able to uptake 
13
C-labeled glucose, initiating a strong physiological 
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response and a rapid incorporation of the exogenous-labeled glucose into the fatty-acid 
tissue. Field evidence suggests that the accumulation of exogenous carbon even without 
an active cyanobacterial partner encourages higher occurrences of cyanolichens in drier 
environments (Campbell 2010).  
Aubert et al. (2007) identified metabolic processes that may contribute to 
reactivation of lichen physiological processes during hydration and dehydration cycles by 
analyzing the metabolite profile of lichen thalli. Recovery of respiration upon rehydration 
is prepared for during the dehydration phase by accumulation of gluconate-6-phosphate, 
nucleotides, and polyols pools. Due to the oxidative pentose phosphate pathway, 
gluconate 6-phosphate accumulates to produce reducing power (NADPH). For some free-
living unicellular cyanobacteria, Rippka (1972) found that addition of glucose with 
inhibition of the photosynthetic apparatus allowed for minimal growth.  
Glucose has been found to increase filamentous cyanobacteria in laboratory 
cultures, has been implemented in regulatory feedback from mRMA encoding 
corresponding to phycobiliproteins, and found to participate in phycobilisome pigment 
production (Lebedeva et al. 2005). Additionally, preliminary evidence suggests that 
glucose-6-phosphate may function as a phosphate donor for controlling complementary 
chromatic adaptation (Lebedeva et al. 2005), which is the acclimation of a photosynthetic 
organism to changes in light color (Kehoe and Gutu 2006). 
Mannitol is one of the most abundant polyols in nature (Stoop et al. 1996). It is 
one of the most widely occurring polyols in fungi (Jennings 1984; Loescher and Everard 
2004), some groups of bacteria (Wisselink et al. 2002), algae (Ben-Amotz and Avron 
1983; Iwamoto and Shiraiwa 2005; Kremer and Kirst 1982), lichens (Smith 1961), and 
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vascular plants (Loescher and Everard 2002; Williamson et al. 2002). Mannitol is a six-
carbon sugar alcohol and a major primary photosynthetic product. It is a control 
mechanism for cell turgor and osmoregulation (Farrar 1976; Schmitz and Srivastava 
1975; Smith 1961) and for maintaining cellular hypertonic conditions (Karsten et al 1997; 
Yancey et al. 1982). It is used as a solute and for carbohydrate storage (Kremer and 
Willenbring 1972), particularly for fungi (Dickinson 2003; Coxson et al. 1992; Loescher 
and Everard 2004), for regeneration of reducing power (Voegele et al. 2005), and for 
scavenging of damaging active oxygen species produced during light exposure under 
stressful conditions (Jennings 2000; Jennings et al. 1998; Shen et al. 1997; Smirnoff and 
Cumbes 1989). Additionally, mannitol has been proposed to assist with drought stress 
and thermal tolerance for certain species of alga and some bryophytes (Smirnoff and 
Stewart 1985). 
Mannitol is one of the primary substances in lichens that contribute to hyphal 
extension in the mycobiont (Galun et al. 1976), which is similar to free-living fungi, and 
may be required for radial growth of lobes and propagation. Evidence from Armstrong 
and Smith (1996) suggests that additions of exogenous polyol, including mannitol, 
contribute to radial growth of hypothallus; however, Armstrong and Smith (1998) found 
that addition of mannitol did not contribute to radial growth unless mixed with arabitol. 
Lindberg et al. (1953) and Trail (2002) found similar evidence in fungi development of 
fruiting bodies that further growth appear to be linked to the increased capacity to 
synthesize and accumulate mannitol to increase osmotic pressure.  
Mannitol has also been found to have an enhancing effect on nitrogen-fixation 
activity in Anabaena 7120, a cyanobacteria, under salt stress in light conditions or during 
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active photosynthesis (Yin et al. 1996). The application of mannitol at different 
concentrations is experimentally determined due to the potential to reduce photosynthetic 
activity in some cyanobacteria at higher mannitol concentrations (Grodzinski and Colman 
1973). Most studies indicate that mannitol does not play a dominant role or does not play 
a role in the metabolic processes of cyanobacteria; however, studies do indicate a role in 
cyanolichens as a source for soluble carbon.   
There is a lack of understanding in the utilization of mannitol by green algae in 
terrestrial environments. Several groups of algae synthesize mannitol and use mannitol 
derivatives in metabolic processes, including green and brown algae (Davison and Reed 
1985; Iwamoto and Shiraiwa 2005; Karsten et al. 1997; Yancey et al. 1982). A review by 
Wisselink et al. (2002) compiled evidence that certain species of bacteria have 
biosynthetic pathways for the production of mannitol that is used to produce energy. 
Wallach et al. (1974) found that with concentrations of 0.5 M mannitol proton uptake in 
chloroplasts occurred and a significant increase in phosphorylation rate due to the 
increase in osmotic pressure in chloroplasts isolated from green algal cells and that 
chloroplast integrity was preserved under increased pressuration. Amutha and Murugesan 
(2011) successfully used mannitol to increase cultivation of the fresh water green algae 
Chorella vulgaris in a lab setting.  
Natural polyol production has implications for maintaining a high photosynthetic 
capacity (Krömer 1995), and large pools of polyols in some BSC species may contribute 
to protecting cell constituents and preserving cell integrity (Aubert et al.2007). Polyols 
contribute to higher photosynthetic rates and lower CO2 compensation points (Fox et al. 
1986) and can contribute to the functioning of such pathways as the high pentose 
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phosphate pathway that supplies NADPH for polyol synthesis and pathways that utilize 
glucose to convert this simple sugar into derivatives that accumulate during dehydration 
(Aubert et al. 2007). Mannitol has also been found in different photosynthetic organisms 
to increase oxygen uptake (Franková and Kolek 1965).  
Specifically for lichens, Smith (1961) demonstrated a majority of the carbon fixed 
during photosynthesis in lichens initially appears as mannitol, with 40 to 50% of 
exogenous glucose converted to mannitol (Smith 1963). Farrar (1976) and Smith (1963) 
suggest that mannitol is important for maintaining high osmotic pressures in the 
mycelium of the fungal symbiont during water stress events. Drew and Smith (1966) 
were the first to suggest for lichens the location and movement of carbohydrates from the 
photosynthetic partner (photobiont) to the fungal partner (mycobiont) and that the 
mycobiont converts the photosynthetic product glucose into mannitol, which was 
corroborated by Honegger (1991). Lichens lack the specific cells or tissues for direct 
translocation of metabolites, water, and nutrients between symbionts. The translocation 
of molecules depends on the species and the chemical composition of the symbiont cell 
walls (Honegger 1991). This mechanism for translocation is similar to parasitic flowering 
plants that utilize mannitol as a respiration substrate in darkness (Delavault et al. 2002; 
Simier et al. 1998).  
Inoculation is another method for assisting the BSC recovery and has shown to 
greatly hasten the recovery of disturbed BSCs (Belnap 1993; St. Clair et al. 1986; Weibo 
et al. 2009). Maestre et al. (2006) found the greatest BSC recovery occurred in slurry and 
composted sewage sludge application that was watered five times per week. Recovery 
was measured by cyanobacteria composition, nitrogen fixation, chlorophyll content, and 
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net CO2 exchange rate as metrics. The net CO2 exchange rate was higher with the slurry, 
and inoculation with BSCs significantly improved the nitrogen fixation and carbon 
sequestration capability of the soil (Maestre et al. 2006). Weibo et al. (2009) observed 
that 3 years after inoculation of sites with isolated and artificially cultivated 
cyanobacterial strains, the cover of cyanobacteria and algae reached 48.5 % and 
contained 14 species of cyanobacteria and algae. Chlorophyll a content of soil biota 
increased and cyanobacteria inoculation increased the organic carbon and total nitrogen 
soil content. Maqubela et al. (2009) demonstrated that using the cyanobacteria Nostoc in 
inocula enhanced agricultural soil structure, fertility, increased soil nitrogen and carbon, 
and crop growth. Rao and Burns (1990) observed improved soil carbon and nitrogen with 
application of cyanobacteria and bryophyte biomass. Acea et al. (2001) successfully 
inoculated heated soils with combinations of cyanobacterial species to simulate treatment 
after fire. Rogers and Burns (1994) also successfully increased cyanobacteria in field 
applications, and soil stability increased 18% after 300 days. Issa et al. (2007) 
demonstrated that addition of cyanobacteria began to improve aggregate stability 6 weeks 
after treatment. Howard and Warren (1998) found that inoculation of disturbed areas to 
enhance soil stabilization using cyanobacteria pelletized into a starch matrix was overall 
unsuccessful.  
Middleton and Bever (2010) found that inoculation of a retired agricultural field 
with soil collected from remnant grassland prairie resulted in a negative response of early 
successional plants and a positive response to mid and late successional plants, 
suggesting that soil community is critical for establishing the late successional plant 
community. Belnap (1993) observed after two years that in mechanically scalped sites in 
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gypsiferous soils in a middle elevation desert contained an observable difference in cover 
in dry inoculated versus non inoculated sites. Chlorophyll a concentration, the number of 
lichen species present and the percent cover of BSCs were all higher in inoculated plots. 
Belnap (1993) also observed that natural recovery of scalped sites in sandy soils appeared 
to be covered by cyanobacteria after 5 years, but there was no lichen or moss recovery.  
Inocula provide a source for biota that contains cyanobacteria, algae and other 
microorganisms, lichen symbiont reproductive structures, fungal spores, and moss spores 
or protonemata. Lichen fragments normally do not establish and regenerate a thallus, 
however, produce telemorph (sexual) and anamorph (asexual) fruiting structures from the 
individual symbionts and require recombination (Büdel and Scheidegger 1996). 
Additionally, since BSC organisms are poikilohydric and desiccation tolerant, organisms 
require a wetted environment for propagation or reproduction. The high desiccation 
tolerance and temperature tolerances of these organisms provide the physical and 
physiological properties necessary for use as inocula for immediate use or as a salvaged 
source which can be stored over a long period of time.  
Summary 
 BSCs inhabit many ecosystems across the earth providing essential ecosystem 
services including increasing soil stability and providing native erosion control, 
impacting the hydrological cycle including water infiltration, permeability, retention and 
evaporation, nutrient cycling, particularly carbon and nitrogen cycling, and influencing 
vegetation community dynamics. Even though BSCs are resilient to extreme 
temperatures, drought and radiation, they are also extremely vulnerable to disturbances 
that disrupt their physical integrity. Disturbance to BSC communities impact the entire 
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surrounding ecosystem. Natural recovery may take decades to centuries or not occur at 
all. Climate changes over time, temperature, precipitation, soil composition, the 
proximity to inoculants all influence the potential for natural recovery. Assisted recovery 
through rehabilitation and/or restoration can be beneficial to BSC communities by 
guiding systems toward a sustainable trajectory that will enhance its resilience. 
Enhancing soil stability, resource augmentation and/or inoculation of BSCs may be 
feasible methods that will benefit disturbed BSC systems. 
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Figure 1 Filamentous cyanobacteria aggregating soil particles in a biological soil crust piece obtained from 
gypsiferous soils in Lake Mead National Recreation Area, USA. 
 
 
 
Figure 2 Lichens Collema and Peltula patellata covering the soil surface in gypsiferous soils in Lake Mead 
National Recreation Area, USA. 
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Chapter III 
METHODS 
Field Study Area Description 
In 2008 the Federal Highway Administration (FHWA) initiated the Rehabilitate 
Northshore Road Project (Northshore project) in Lake Mead National Recreation Area 
(LMNRA).The purposes of the project were to rehabilitate and reconstruct a segment of 
road to improve pavement conditions and rehabilitate deteriorated and inadequate 
drainages (United States 2003). The project was part of ongoing, multi-year FHWA, 
Federal Lands Division work and National Park Service (NPS) cyclic road maintenance 
(Dey 2006).  
This thesis is a part of a larger study that focuses on gypsiferous soil habitats 
within LMNRA. The study area lies within the eastern region of the Mojave Desert and is 
situated about 96 km northeast of Las Vegas, NV (Figure 3). The study area encompasses 
the corridor of Northshore Road between mile posts 27 to 48 (Figure 4). Most of the 
construction occurred in previously disturbed areas and the existing roadbed which 
resulted in minimal disturbance to the surrounding undisturbed lands with limited new 
disturbance. However, approximately 2.5 km of non-continuous road segments were built 
into previously undisturbed soils, and approximately 2.6 km non-continuous existing 
roadbed segments were obliterated.  
For the Eastern Mojave Desert region the mean summer daytime temperatures can 
exceed 37°C and are often paired with extremely low relative humidity of less than 25%. 
In some years there are several weeks of increased humidity and precipitation associated 
with monsoonal influence from the south (Gorelow and Skrbac 2005). Winter months are 
38 
 
mild, with afternoon temperatures averaging around 15°C. Most of the precipitation 
occurs during the winter and early spring seasons (Gorelow and Skrbac 2005). The 
average percentage of possible days with sunshine is 85%. The Mojave Desert also 
experiences strong wind events throughout the year with the highest average wind storm 
events occurring from March through June (Gorelow and Skrbac 2005). 
Within the study area, elevation ranges from 400-500 m. The primary vegetation 
for this area is consists of Ambrosia dumosa (A. Gray) Payne, Atriplex canescens (Purch) 
Nutt., Atriplex confertifolia (Torr. & Frém) S. Watson, Atriplex hymenelytra (Torr.) S. 
Watson, Baileya multiradiata Harv. & A. Gray ex A. Gray, Encelia virginensis A. 
Nelson, Enceliopsis argophylla (D. C. Eaton) A. Nelson, Ephedra torreyana S. Watson, 
Eriogonum inflatum Torr. & Frém., Psorothamnus fremontii (Torr. ex A. Gray) Barneby, 
Sphaeralcea ambigua A. Gray, and Tiquilia latior (I. M. Johnst.) A. T. Richardson. Soil 
taxonomic units consist of Typic Petrogypsides, Typic Calciargids, Haplodruids, and 
Druinodic Haplocalcids (Lato 2006) tend to contain high amounts of gypsum and 
calcium. Parent materials for these soils include igneous, metamorphic, and sedimentary 
rock. Soils are hyperthermic due to the gypsum and consist of extremely gravelly sandy 
loam soils stabilized by desert pavement, aeolian sands, or fine grain gypsiferous clays 
(Lato 2006; United States 2003). 
As a part of the construction mitigation measures and for the broader Rehabilitate 
Northshore Road Project study, in October 2008 LMNRA salvaged small to medium 
native perennial plants, including the common perennials Ambrosia dumosa, Baileya 
multiradiata, Eriogonum inflatum, Psorothamnus fremontii, Sphaeralcea ambigua, and, 
although not commonly found in gypsiferous soils, Larrea tridentata (DC.) Coville. 
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Plants were cared for at the LMNRA nursery facility until transplanted within 
reconstructed roadside segments after construction was complete in January 2010.  
As required by current FHWA policies, the road reconstruction contractor was 
required to salvage the top layer of desert soils (topsoil) from any of the potential impact 
areas and stockpile topsoil as close to salvage sites to retain native biota and seed banks. 
Topsoil removal depth varies from the top 5-30 cm (2-12 in) due to the equipment and 
landscape. Stockpiled surface soil was returned by the contractor to locations as close as 
possible to salvage sites after completion of construction (LeNoue, D. Personal 
communication. 10 February 2009; United States 2003). Due to the removal of segments 
of the old road, not all areas received topsoil; subsurface soil was used for filling and 
landscape contouring.  
Additionally, undisturbed surface BSCs (depth 1-5 cm) were salvaged and 
initially stored at the LMNRA Nursery Facility, moved to a storage facility a few months 
after salvage, and eventually moved to cold storage at the University of Nevada, Las 
Vegas. Salvaged BSCs were stored dry and at how humidity in an environmental control 
room with temperatures ranging from 4°C -15°C with limited exposure to light.  
Field Treatment Establishment 
The field treatments consisted of a four-factorial mixed-effects design consisting 
of two levels (presence or absence) of each of the following factors: topsoil reapplication; 
the native perennial shrub Ambrosia dumosa; wood shavings; and BSC inoculation 
(Table 1). Each of the 16 treatment combinations was replicated 5 times, totaling 80 
plots.  
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After construction was complete field examinations were conducted along 
Northshore Road to identify areas for the experimental study. Road segments for the field 
study were restricted to new disturbance related to the Northshore Project and in areas 
where the old road bed was removed, which created a non-continuous experimental area 
(Figure 4). Road segments were identified as topsoil reapplied after construction was 
complete or as newly exposed subsurface soil without topsoil. This provides an 
opportunity to observe the impacts of these activities on topsoil biota. Within topsoil and 
exposed subsurface soil segments all locations of the transplanted native perennial 
Ambrosia dumosa from the Northshore Road planting project were identified, making 
topsoil as a fixed effect. For the planting project, the twenty road segments were 
randomly selected to receive plants or to remain bare. 
A total of twenty topsoil and subsurface soil area road segments with and without 
Ambrosia were randomized to receive the additional wood shavings and BSC inoculation 
treatments applied factorially to plots within the randomly assigned road segment. Only 
thirteen out of the twenty segments were included due to random assignment of plots. 
Effects of Ambrosia, wood shavings, and BSC inoculation and all two-way, three-way, 
and four-way interactions were tested over residual variance.  
A perennial shrub from the Northshore Road outplanting project was included as 
a treatment factor due to evidence suggesting that the recovery of soil crusts may be 
greater in shrubby areas (Belnap and Warren 2002) and that perennial plants are known 
to increase subsurface soil stability, while protecting the soil surface under the influence 
of the shrub canopy (Casermeiro et al. 2004; Parsons et al. 1992). A single species was 
chosen to reduce potential variability of the influence on BSCs and soils between 
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different species. Ambrosia was specifically chosen because this species had the greatest 
number of individuals that were salvaged during the Northshore Road salvage project, the 
greatest number of individuals that survived after salvage and prior to outplanting, and 
the highest survival of any of the perennial shrubs after the first few months after 
outplanting and the largest number of same-species individuals. However, this species in 
not consistently the dominant shrub species found in the gypsiferous soil types found 
within the research area. 
Wetted wood shavings were integrated into the top few centimeters of surface soil 
to increase soil stability, to increase soil surface texture (Benkobi et al. 1993), to slow 
water flow over the soil surface, and to provide dust traps. Shavings were soaked in water 
prior to integration with surface soil to allow to easier mixing with soils. 
BSCs were inoculated over the 1-m
2
 plot at an estimated 0.3 m
2
 cover and spread 
evenly over surface with a shovel. Crust pieces ranged from approximately 0.5 cm to 3 
cm thick and less than a centimeter up to 5 cm is diameter. Since most of the BSCs 
salvaged from the Northshore Road project contain lichens, BSCs were applied as pieces 
and not in a slurry as to avoid breaking up the crust pieces more than necessary to 
promote the presence of whole propagules.  
Experimental plots were established from September-October 2010 at the 
beginning of the cooler and wetter season and after the potential of high heat days. All 
plot soil surfaces were wetted with water and roughened with hand tools prior to BSC 
inoculation. Eighty centimeter tall galvanized wire mesh exclusion cages were erected 
around all plots due to signs and the presence of feral cattle, horses and/or burros along 
the Northshore Road and Overton Beach Road corridors.  
42 
 
Reference Plot Establishment 
Six permanent reference plots were randomly established within a 200-m radius 
area around the construction corridor. Reference plots provide an analogue for the pre-
disturbance BSC communities, soil properties, and vegetation communities. The 
undisturbed control plots were incorporated into the statistical model to obtain the best 
estimate of variance for undisturbed plot observed variables; however, only disturbed 
treatments contributed to results in reported analysis of variance tables. Undisturbed 
control plot information was used as a reference to compare to other treatments in 
planned contrasts. 
Field Data Collection and Analyses 
There are several approaches for monitoring BSC organisms including species- or 
taxonomic-based approaches and morphological-group approaches (Eldridge and 
Rosentreter 1999). Each approach has limitations. It may be difficult to accurately 
identify soil crust organisms to species in the field and this technique only captures 
macroscopic or visually obvious BSCs, representing a disadvantage to a species-based 
approach. On the other hand, a disadvantage to a functional approach includes 
misinterpreting or generalizing functional roles of different species, such as attributing 
functions to more species base on grouping species with similar morphology. 
Morphology may be an indicator of how the BSC community will respond to different 
physical disturbances (Kaltenecker 1997). Lichens exhibit diverse morphologies; thalli 
can be homoiomerously (mycobiont and photobiont intermixed) or heteromerously 
(symbionts in layers with photobiont protected by mycobiont) arranged with diverse 
morphologies, such as gelatinous, crustose, squamulose, foliose and fruiticose forms 
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(Table 3). Mosses are grouped by similar structure and function, although some species 
are readily interspersed amongst lichen species, while other mosses form large patches. 
Microorganisms may be difficult to identify without genetic testing; however, existing 
studies that present species lists and morphological and physical descriptions can be used 
to develop a potential list of species likely present. 
Macroscopic Cover 
Experimental and undisturbed reference plots were assessed in spring 2012. Plots 
were watered to more easily identify BSC species. A species list was compiled from 
existing literature and field guides, along with the morphology and photobiont for each 
lichen species (Table 2 & 3; Belnap and Lange 2001; McCune and Goward 1995; 
McCune and Rosentreter 2007; Rosentreter et al. 2007). Total BSC cover was estimated 
across a 1-m
2
 plot and the proportion of each genus or species of lichen and moss was 
estimated to provide the approximate percent cover per genus or species. Additionally, 
plots were segmented into 10-cm
2
 grid cells and BSC lichen and moss species were 
tallied per cell to estimate frequency per species per plot. Species were identified to the 
highest resolution possible, and unknown species were identified in the lab. The 
photobiont and morphological groups were noted. All mosses identified were short 
mosses (Table 2 & 3). Individual moss species cover was overall very small; moss 
species were grouped for estimating moss cover. Additionally, in each 1-m
2
 plot, percent 
cover was visually estimated for Ambrosia dumosa, where present, non-native annuals, 
and surface organic matter (litter/duff), which included surface-exposed wood shavings. 
To explore the BSC species composition differences among the experimental field 
plots with BSC inoculants and undisturbed plots, non-metric multidimensional scaling 
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(NMS) ordination was used in auto-point thorough mode using PC-ORD 5 software 
(McCune and Medford 1999). BSC species composition was ordinated with additional 
response variables including soil stability and available nitrogen results and input as a 
second matrix for observing vectors that showed strong correlations.  
For the disturbed field experimental plots, nineteen macroscopic variable percent 
cover estimates were log10+1 transformed and scaled to their range, and converted to a 
distance matrix using the Bray-Curtis dissimilarity equation (Legendre and Legendre 
1998) prior to analysis to reduce the effects of outliers to the right in the distribution that 
would have a disproportionate impact on results and in order to test the main affects, BSC 
inoculation (BSC), topsoil reapplication (TS), wood shavings application (WS), 
Ambrosia (AMDU), and all two-way, three-way, and four-way interactions in a 
multivariate analysis of variance (MANOVA). The significance of the main affects was 
determined in a mixed-effect ANOVA determined from 999 permutations using 
PERMANOVA software (Anderson 2001; McArdle and Anderson 2001). Topsoil was 
applied or not applied to entire road segments; the fix effect of topsoil was tested over the 
random effects of the road segments within topsoil treatment. The effects of BSC 
inoculation, wood shavings addition, and Ambrosia presence were applied factorially in 
an incomplete block design across road segments, for a total of five replicates for each of 
the eight treatment conditions. Significance of BSC inoculation, wood shavings addition, 
and Ambrosia presence as well as interactions among these treatments and with topsoil, 
was tested over their respective interactions with road segments within topsoil treatments. 
Significant effects (alpha = 0.05) were further examined during post-hoc tests with 
Bonferroni correction. Univariate ANOVA models for cover of organic matter, non-
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native plants, specifically for non-native annual species Bromus rubens and Schismus 
separately, total BSC, and the dominant individual BSC constituents were conducted 
using ANOVA methods in the same model design and significance assessment in the 
PERMANOVA software. Individual examinations excluded the BSC lichens Acarospora 
nodulosa var. nodulosa, Aspicilia aspera, Candelariella citrina, and Fulgensia bracteata 
due to low cover and low plot frequency occurrence; however, the cover of these lichens 
is included in the overall BSC cover estimates.  
Planned contrasts for each treatment with the undisturbed control were conducted 
in a separate model using a priori pair-wise comparisons. Undisturbed reference plots 
were compared to all other treatment combinations in a cell means model in which the 
four-way interaction of BSC x topsoil x wood shavings x Ambrosia presence x 
disturbance treatment was the fixed effect in PERMANOVA software using 999 
permutations to assess significance. Post-hoc tests with Bonferroni adjustment were 
conducted for significant effects in the ANOVAs to further explain any patterns. 
Reported mean values were back-transformed from log10+1 scale, and standard errors 
were computed from 1000 bootstrape samples in SAS 9.2 software (SAS Institute, 2002-
2008). 
Microscopic Variables 
Cyanobacterial counts were conducted for all plots. As described in Chapter 2, 
cyanobacteria provide several ecosystem services. Laboratory methods were modified 
from Bowker et al. (2002). From each field plot in standardized locations within plots, 
four 2.5-cm disks at 0.5 cm depth were taken from surface-moistened soil. In the 
laboratory, the top 1-3 mm were scraped off of each of the four subsamples with a 
46 
 
sanitized razor, combined, and allowed to air dry. After drying surface samples per plot 
were homogenized with a mortar and pestle. One gram per sample was used to produce 
1:10 and 1:100 dilutions for cyanobacterial counts. On a 20-mm
2
 gridded slide, 0.1 mL of 
each of the 1:100 dilutions was placed and observed with light microscopy under 400 
magnification. Twenty cells of the grid were randomly selected for observation of 
organism presence and frequency. Cyanobacteria were identified to family, genus, or 
species and grouped as filamentous, colonial, or unicellular. Species were identified to 
the highest resolution possible, although positive identification of all species is difficult 
with light microscopy due to similarities between some species and not all differentiating 
characteristics are distinguishable with this technique. A species list was compiled from 
current literature and field guides including Alwathnani and Johansen (2011), Belnap and 
Lange (2001), Boyer et al. (2002), and Řeháková et al. (2007) (Table 4 & 5). Taxon 
frequency per plot slide and abundance was estimated for 1 gram of the 1-3 mm surface 
soil sample. 
The remaining 9 mL of the 1:10 dilution were added to approximately 10 g of 
autoclaved, salvaged, homogenized gypsiferous soil that was acquired from the topsoil 
stockpiles from the research area. Sample dishes were sealed with Parafilm and placed in 
a Percival model GL-36VL Intellus Environmental Controller (Percival Scientific, Inc. 
Perry, IA) with a light irradiance at 80 μmol m-2 s-1 and set on a diurnal setting with 
night/day temperatures at 15°C/25°C for 3-5 weeks. Dishes were examined under a 
microscope for species presence and verification.  
For cyanobacteria and total microorganisms identified or counted with light 
microscopy, including filamentous, colonial, and unicellular cyanobacteria, data were 
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log10+1 transformed and analyzed in SAS in an ANOVA to test the main effects in 
disturbed plots of BSC inoculation, Ambrosia presence, and wood shavings presence, 
with topsoil reapplication as a fixed variable in the same model as described for the 
macroscopic variables. All main effects and their two-way, three-way, and four-way 
interactions were tested over the residuals variance. Planned contrasts, pair-wise 
differences across treatments, included undisturbed plots. Post-hoc contrasts were 
Bonferroni corrected. 
Soil Stability 
Soil stability is recognized an indicator of soil health. It is related to ecosystem 
properties, processes and functions such as the quantity and composition of soil organic 
matter (Belnap et al. 2001a, 2001b, 2001c; Doran and Ziess 2000) and biotic activity 
(Belnap 2003; Belnap et al. 2001a, 2001c), infiltration capacity (Belnap 2006) and 
resistance to erosion (Belnap 2006). Macroaggregation of soil is a function of active soil 
organic matter (Mazor et al. 1996). Soil stability was estimated using modified methods 
and the soil stability criteria from Herrick et al. (2001).  
Within the 1-m
2
 plots, six peds (6-8 mm diameter) from the top 2-4 mm of surface 
soil from standard locations per plot were used to estimate soil stability following Herrick 
et al. (2001). Peds were assigned a rank value 1-6 on an ordinal scale, with 1 having the 
least stability and 6 having the greatest stability (Table 7). For each ped stability rating, 
the value was squared to improve linearity of the scale. A non-parametric ANOVA model 
of the same form as described for macroscopic variables was used without the log 
transformation prior to forming the Bray-Curtis distance matrix.  
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Available Nitrogen 
A composite of four soil samples for NH4-N and NO3
-
N analysis per plot was 
collected from standard locations across plots. Soils were collected with a 2.5-cm 
diameter corer and 0-5 mm depth. Samples were transported on ice and sample 
preparation in the laboratory was completed within 6 to 8 hours of collection. Samples 
were sieved (>2mm removed) and homogenized. To a 10 g portion of the composited 
sample, 40 mL of 2M KCl solution were added and agitated vigorously by hand for 2 
minutes and left to settle for 18-24 hours then filtered through a pre-treated #1 Whatman 
filter paper and frozen until concentrations could be determined by flow injection 
colorimetry at the Soil, Water and Forage Analytical Laboratory at Oklahoma State 
University (Stillwater, OK, USA).  
Variables were log10+1 transformed prior to analysis. Main treatment affects were 
tested for disturbed plots in the same model as described for macroscopic variables and 
planned comparisons were used to compare disturbed and undisturbed plots. Post-hoc 
contrasts of interested were Bonferroni corrected. 
Fluorescence 
Use of modulated chlorophyll fluorescence as an index of recovery for 
desiccation-tolerant species is well documented for photosynthetic species (Stirbet and 
Govindjee 2011; Maxwell and Johnson 2000) including for lichens (Belnap et al. 2008), 
bryophytes (Marschall and Proctor 2004; Proctor 2003), and cyanobacteria (Belnap 1993; 
Papageorgiou 1996). Fluorescence analysis is based upon the excitation of the pigment 
molecule’s electrons in photosystem II (PSII) as a photon enters into an open PSII 
reaction center. There are four paths that an electron can go to return to ground state: 1) 
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induce photochemical reactions in which the excited electron exits the pigment molecule 
and enters an electron transport chain in chlorophylls; 2) heat dissipation; 3) transference 
of that energy to an adjacent pigment, as can occur in the light-harvesting antenna 
systems of photosynthetic organisms; and 4) as fluorescence or the emission of a 
fluorescence photon that has a longer wavelength than the photon that was initially 
absorbed (Campbell et al. 1989). Four chlorophyll fluorescence parameters, dark-adapted 
fluorescence, light-adapted fluorescence, quantum yield and PSII efficiency factor were 
monitored. 
The minimal fluorescence level (Fo) in the dark-adapted state or the ground state 
is the value when PSII reaction centers are open, and the maximal fluorescence (Fm) level 
in the dark-adapted state is when PSII reaction centers are closed due to light exposure. 
Light exposure with a high irradiance that transiently drives a high proportion of PSII 
reaction centers to close. F'o is the minimal fluorescence level in the light-adapted state, 
and F'm is the maximal fluorescence level in the light-adapted state. Fv (Fm-Fo) or F'v (F'm-
F'o) is the variable fluorescence change between PSII open and closed reaction centers. 
The calculated proportions Fv/Fm  and  F'v/F'm reflect the difference between the 
proportion of open reaction centers capable of photochemistry and the proportion of 
reaction centers that were used for photochemistry in the dark- and light-adapted states, 
respectively. Fv/Fm is the maximum quantum efficiency of PSII photochemistry in the 
dark-adapted state. F'v/F'm is the light-adapted efficiency of excitation energy capture by 
open PSII reaction centers.  
Light drives the transient changes from open PSII reaction centers to closed PSII 
reaction centers. A decrease in F'm compared to Fm indicates non-photochemical 
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quenching (NPQ) or heat dissipation (Maxwell and Johnson 2000). NPQ, or (Fm/F'm)-1,  
occurs when the excited electron returns to a ground state by releasing heat or transfer of 
the excitation energy to an adjacent pigment occurs in the light-harvesting antenna 
systems of photosynthetic organisms (Campbell et al. 1989). A decrease in the F'v/F'm 
value from Fv/Fm results from the decrease of the fraction of PSII reaction centers that are 
capable of photochemistry and/or from downregulation or the increase in NPQ (Baker 
and Oxborough 2004).  
The actual quantum yield of PSII electron transport in light-adapted state or ΦPSII 
[(F'm- F's)/ F'm] depends on closed PSII reaction centers and the efficiency of excitation 
energy that is captured (Baker and Oxborough 2004; Maxwell and Johnson 2000). ΦPSII 
provides a useful measure of the proportion of the light that is absorbed by chlorophyll 
associated with PSII reaction centers and is used for photochemistry (Maxwell and 
Johnson 2000). Photochemical quenching parameters are related to the relative value of 
F'm and steady-state fluorescence (Fs). Fs is the state where the fluorescence yield is 
quenched. Also, under laboratory conditions, there is a strong linear relationship between 
ΦPSII and the efficiency of carbon fixation, although stressed organisms can cause 
fluctuations in this relationship (Maxwell and Johnson 2000). The Genty parameter 
[F'q/F'm = (F'm-Fs)/F'm] or the PSII efficiency factor is a measure of the proportion of the 
light absorbed by PSII that is actually used in photochemistry (Maxwell and Johnson 
2000) and reflects the photochemical part of fluorescence quenching or an estimate of the 
fraction of the PSII maximum efficiency (Baker and Oxborough 2004).  
From each disturbed experimental plot containing BSC inocula and from each 
undisturbed plot, four Collema specimens were collected at standardized locations within 
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all plots. In the lab, small Collema patches approximately 3-5 mm in diameter were 
isolated from the original sample and placed in leaf clips. Specimens were dark-adapted 
for 12 hours in a dry state in a growth chamber prior to hydration and fluorescence 
monitoring. Dark- and light-adapted fluorescence were taken after 6, 12, 24, and 48 hours 
after hydration using a FMS 2 pulse-modulated fluorometer (Hansatech Instruments, 
Norfolk, England) and ФPSII and F'q/F'm were calculated 
The sampling structure is slightly different for fluorescence as it was limited to 
BSC inoculated plots and undisturbed plots and there were repeated measures on the 
same sample at four time points. Fluorescence variables were analyzed in a mixed-effects 
ANOVA. The model included fixed effects of topsoil, tested over plot within topsoil, 
wood shavings addition and Ambrosia presence and their two-way and three-way 
interaction with topsoil tested over their respective interactions with plots within topsoil.  
Time and all of its interactions with topsoil, wood shavings, and Ambrosia were also 
tested in a fixed effects model which tested over the interaction between the nested within 
plot and wood shavings/Ambrosia treatments and time. Planned contrasts, pair-wise 
differences across treatments, included undisturbed plots. Post-hoc contrasts were 
Bonferroni corrected. 
Greenhouse Study 
Greenhouse study treatments formed a five-factor experiment, consisting of two 
levels of inoculation with the following additional treatments: two levels of watering 
treatment, two levels of wood shavings, and four levels of carbohydrate addition. In total 
this results in 32 treatment combinations (N=5). Forty nursery flats were quartered with 
plastic partitions providing four carbohydrate treatments per flat. Flats were split between 
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watering treatments and again between BSC inoculation treatments. Twelve additional 
flats were used as controls and did not receive any inoculation treatment. Half of the 
control flats received wood shavings and all flats received the four carbohydrate addition 
levels.  
Native soils were hypothesized to contain native microorganisms that could 
provide a source of native microorganisms to use for BSC. Native soils were acquired 
from topsoil salvage piles and homogenized with a cement mixer for 20 to 30 minutes. 
No other constituents were added. Approximately 375 mL salvaged soil was added to 
each quarter partition.  
Wood shavings were added as an additional physical soil constituent and to reflect 
the field study application. Half the 20 flats from each watering treatment receive 
approximately 15 g (~250 mL) wood shavings per quarter (approximately 50% cover 
surface at 1-cm depth biomass in grams equivalent) that was pre-saturated in 250 mL 
water and thoroughly combined with the native gypsum soil.  
Half of the flats received inoculation with discrete pieces at 30% cover. The other 
half received wet slurry produced from the equivalent of 30% cover of the quarter flat 
mixed with 125 mL of water. Wet slurry, discrete BSC pieces, and no additional 
inoculation treatment on native topsoil were used to test the effectiveness of inoculation 
techniques.  
Glucose and mannitol were selected for carbohydrate addition due to their roles in 
desiccation tolerance, rehydration response, and their importance in metabolic processes. 
Mannitol has been indicated as part of potential pathways leading the major groups of 
lichen products. Glucose is the sugar product of cellulose decomposition by microbes and 
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other crust organisms and is commonly found in cyanobacteria, lichens and mosses. By 
supplying additional mannitol and glucose this is hypothesized to provide carbohydrates 
to growth for soil crust organisms and hyphal expansion for lichens. All flats received the 
following treatments between the four quarters twice a month during a two week 
hydration period for 18 months: a 250 mL solution of 6% D-mannitol solution, a 250 mL 
solution of 6% D-glucose solution, a 250 mL solution of the combination of 6% D-
mannitol and 6% D-glucose solutions, and no additional treatment.  
Precipitation plays an important role in BSC activity since organisms are only 
metabolically active when wet. Flats either received an average winter-spring transition 
precipitation equivalent (~5 cm) or 400% above this average precipitation equivalent 
(~20 cm) over a four month period to reflect current average climate conditions and 
potential future climate changes in precipitation. Watering treatments were on a two 
week rotation with hydration periods lasting 14 days and a dry period lasting 14 days. 
Precipitation in the Mojave Desert mostly occurs in the winter and early spring months. 
Watering treatment amounts estimated from the January-April monthly average 
precipitation records reported in Gorelow and Skrbac (2005), which includes data from 
1971-2000.  
Laboratory Studies and Analyses 
Collema Fluorescence Monitoring and Addition of Mannitol and Glucose  
Glucose and mannitol play direct roles in organism metabolism and are related to 
the physiological response of organisms to dehydration and rehydration. The addition of 
these carbohydrates to salvaged and stored Collema samples was tested to observe 
rehydration responses through chlorophyll fluorescence analysis. Small, intact 3-5 mm 
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diameter Collema disks were obtained from salvaged BSCs, which had been in dry 
storage for 2 years at the time of testing. The design of this experiment consisted of the 
addition of either 6% or 10% mannitol or 6% or 10% glucose applied either as the initial 
hydration event during the first hydration period after dry storage or as the last hydration 
event during the first hydration period (24 hours) prior to dry down. With a control there 
were 9 treatments with 5 replicated per treatment. Samples were prepared in a small Petri 
dishes and left in 50% relative humidity for 12 hours in the dark at 20°C prior to the 
initial hydration event.   
Light-adapted chlorophyll fluorescence was measured several times over the time 
course during the initial 48 hour hydration period, after a second application period (30 
hours) and during a second hydration period (24 hours) with repeated measures to 
observe the effects on Collema after carbohydrate additions and one slow-dry period 
between hydration periods. The sampling structure consisted of repeated measures of the 
same samples at multiple time points grouped into three sampling time frames. ANOVAs 
were used for repeated measures for time frame groups, 1) initial hydration with 
treatments after dry storage, 2) response to application of mannitol and glucose 
treatments after 48 hours of hydration with water, and 3) response of both time frame 
groups 1 and 2 after dry down and rehydration.  
Fluorescence Monitoring of Salvage BSCs in Storage 
 Fluorescence monitoring of the storage crusts began in mid-2011, almost 3 years 
after initial storage. Monitoring occurred in August 2011 (3 years after initial storage) 
and in August 2012 (4 years after initial storage). Dark- and light-adapted chlorophyll 
fluorescence was used to observe the response of Collema specimens 24 hours after an 
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initial hydration event. In August 2012, previously undisturbed Collema specimens were 
acquired from the field to compare differences in chlorophyll fluorescence respond. For 
each year and the new specimens, 12 small, intact 3-5 mm diameter Collema disks were 
obtained from salvaged BSCs and placed in leaf clips. Samples were left in 50% relative 
humidity for 12 hours in the dark at 20°C prior to the initial hydration event. 
Fluorescence parameters were measured 24 hours after hydration. Two-sample t-tests 
were used to analyze the fluorescence parameters from the 2011 and 2012 measurements 
and the 2012 fluorescence parameters from the newly acquired previously undisturbed 
Collema specimens.  
Slurry Inoculation with Glucose and Common Plant Nutrient 
A laboratory study on a smaller scale than the greenhouse study was established 
to isolate the treatment of BSC slurry inoculation. A slurry produced from a 1:5 volume 
of BSC:water was used to inoculate gypsiferous soil in 10-cm
2
 nursery flats. Flats were 
filled at a depth of 2 cm with salvaged and autoclaved native gypsiferous soil. Additional 
treatments included 10% glucose and/or Shultz Plant Food Plus, containing 10% nitrogen 
(source 1.6% ammonia, 0.2% nitrate, and 8.2% urea), 15% available phosphate, 10% 
soluble potash, 0.10% chelated iron, 0.05% chelated manganese, and 0.05% chelated zinc 
with an additional 0.5 % iron solution. Flats were stored in a Percival model GL-36VL 
Intellus Environmental Controller (80 µmol m
-2
 s
-1 
light irradiance) set on a 15°C/25°C 
night/day temperature diurnal setting. Flats were on a standardized hydration schedule of 
14 days hydration/14 dry for 8 months after which time percent cover of any visible BSC 
growth was estimated for the 10 cm
2
 surface. Cyanobacteria cover was arcsin square-root 
transformed and compared among treatments in a two-way ANOVA with glucose 
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solution and nutrient solution and their interaction as fixed effects. The interaction 
between glucose and nutrients was further studied in Tukey post-hoc tests. Back-
transformed least-squares means and standard errors are reported. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
57 
 
Table 1 Biological soil crust experimental restoration field plot treatments in the Eastern Mojave Desert, 
USA. 
Treatments 
BSC 
TS 
WS 
AMDU 
BSCxTS 
BSCxWS 
BSCxAMDU 
TSxWS 
TSxAMDU 
WSxAMDU 
BSCxTSxWS 
BSCxTSxAMDU 
BSCxWSxAMDU 
TSxWSxAMDU 
BSCxTSxWSxAMDU 
Disturbed, No Treatment 
Undisturbed Control 
BSC = Biological Soil Crust 
Inoculants 
TS = Topsoil 
WS = Wood Shavings 
AMDU = Ambrosia dumosa 
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Table 2 Lichens and mosses and morphological groups identified on gypsiferous biological soil crusts in 
Lake Mead National Recreation Area, USA. This species list was adapted from Belnap and Lange (2001) 
and Rosentreter et al. (2007), and modified to reflect the species identified in this study. Not all lichen 
morphological groups are present in biological soil crusts in the Mojave Desert. Lichen photobiont 
classifications and families is list. 
LICHENS     
Crustose Species Photobiont 
 
Acarospora nodulosa var. nodulosa (Dufour) Hue.*† Green algae (Trebouxia) 
 
Aspicilia aspera (Mereschk.) Tomin† Green algae (Trebouxia) 
 
Candelariella citrina de Lesd. Green algae (Trebouxia) 
 
Fulgensia bracteata (Hoffm.) Räsänen*† Green algae (Trebouxia) 
   Squamulose 
  
 
Peltula patellata Cyanobacteria (Anacystis) 
 
Peltula richardsii (Herre) Wetmore.† Cyanobacteria (Anacystis) 
 
Placidium lachneum (Ach.) B. de Lesd. 
Green algae 
chlorococcoid 
(Pleurococcus or 
Myrmecia) 
 
Placidium lacinulatum (Ach.) Breuss 
Green algae 
chlorococcoid 
(Pleurococcus or 
Myrmecia) 
 
Placidium squamulosum (Ach.) Breuss 
Green algae 
chlorococcoid 
(Pleurococcus or 
Myrmecia) 
 
Psora decipiens (Hedwig) Hoffm.*† 
Chlorococcoid Green 
algae (Myrmecia) 
   Gelatinous 
  
 
Collema coccophorum Tuck.† Cyanobacteria (Nostoc) 
 
Collema tenax (Sw.) Ach.† (minutely foliose) Cyanobacteria (Nostoc) 
   MOSSES     
Short moss 
  
 
Aloina bifrons (De Notaris) Delgadillo 
 
 
Bryum Hedw.  
 
 
Crossidium Jur.  
 
 
Didymodon Hedw.  
 
 
Pterygoneurum Jur.  
 
 
Syntrichia Mitt. 
 
 
    
* Restricted to gypsiferous soils (Belnap and Lange 2001; Rosentreter et al. 2007) 
† Restricted to or commonly found on calcareous soils (Rosentreter et al. 2007) 
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Table 3 Morphological group descriptions for lichens and mosses found globally. Not all morphological 
groups occur in the Mojave Desert. Morphology descriptions are adapted from Büdel and Scheidegger 
(1996), McCune and Gloward (1995) and Rosentreter et al. (2007). 
Morphological 
Groups 
Description 
  
Crustose Thalli attach to substrate surface tightly. Subtypes include 
powdery, endolithic, endophloeodic, squamulose, peltate, 
pulvinate, lobate, effigurate, and suffruticose. Thallus 
organization either homoiomerous or heteromerous. 
  
Squamulose  Thalli occur in discrete squamules that may be ear-shaped, 
convex, or concave and often have lobed margins. 
  
Gelatinous Lichens with an unstratified thallus that becomes jelly-like 
when moistened. Species tend to be blackish in color with a 
blue-green case when wet. Taxa include nitrogen-fixing 
cyanolichens.  
  
Foliose/Fruiticose Thalli have three-dimensional forms. Foliose lichens appear 
leaf-like; tend to have a dorsiventral organization, flattened 
with a definite upper and lower cortex. Thalli are either 
homoiomerous (gelatinous) or heteromerous. Fruiticose 
lichens appear hair-like and tend to be shrubby and sometimes 
branching. 
  
Short moss Mosses ≤ 10 mm in height, often forming right mats on the 
soil surface. 
  
Tall moss Mosses > 10 mm in height, usually forming a thick mat 
beneath shrub canopies that may extend into interspaces. 
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Table 4 Biological soil crust cyanobacteria and morphologies identified in gypsiferous biological soil crust 
communities in the Mojave Desert and in Lake Mead National Recreation Area, USA. This species list is 
adapted from Alwathnani and Johansen (2011), Belnap and Lange (2001), Boyer et al. (2002), and 
Řeháková et al. (2007), which contained cyanobacteria composition in Mojave Desert soil. 
Cyanobacteria 
   
Order Family Genera 
Morphological 
 Group 
Chroococcales 
   
 
Microcystaceae 
  
  
Anacystis Meneghini Coccoid cells 
Nostocales 
  
Colonial 
 
Nostocaceae 
  
  
Nostoc 
 
 
Rivulariaceae 
 
Colonial/Filamentous 
  
Calothrix Filamentous 
 
Syctonemataceae 
  
  
Scytonema 
 
 
Microchaetaceae 
  
  
Hassallia Filamentous 
  
Tolypothrix Filamentous 
Oscillatoriales 
   
 
Phormidiaceae 
  
  
Microcoleus Filamentous 
  
Phormidium Filamentous 
  
Pseudophormidium 
 
  
Symploca Filamentous 
 
Schizotrichaceae 
  
  
Schizothrix Filamentous 
Pseudanabaenales 
   
 
Pseudanabaenaceae  
 
  
Arthronema Filamentous 
   
Filamentous 
  
Leptolyngbya Filamentous 
 
Schizotrichaceae 
      Trichocoleus Filamentous 
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Table 5 Descriptions of cyanobacteria morphology found globally. 
Growth Form Description 
Filamentous Cell division is primarily in one direction; certain cells may divide 
perpendicular to arrangement producing branching filaments 
  
Unicellular Occur as a single-cells organism; both motile and non-motile. 
  
Colonial An aggregate of cells loosely attached that occur in two forms; 
infinite number through cell division reproducing by fragmentation 
or a colony (coenobium) formed from a set number of cells. 
 
 
Table 6 Free-living and lichenized green algae identified in biological soil crust communities in the 
Mojave Desert, USA. Free-living green algae species are common in desert soils. Lichenized forms are 
identified from Table 2. 
Green Algae species 
  
Order Family Genera 
Free-living/ 
Lichenized 
Chaetophorales 
   
 
Chaetophoraceae 
  
  
Pleurococcus Meneghini Lichenized 
Chlorellales 
   
 
Chlorellaceae 
  
  
Chlorella M.Beijerinck    Free-living 
Chlorococcales 
   
 
Chlorococcaceae 
  
  
Chlorococcum Meneghini    Free-living 
Cladorphorales 
   
 
Cladophoraceae 
  
  
Rhizoclonium Kützing    Free-living 
Prasiolales 
   
 
Prasiolaceae 
  
  
Desmococcus F. Brand Free-living 
Trebouxiales  
   
 
Trebouxiaceae Freidl 
  
  
Myrmecia Printz Lichenized 
    Trebouxia Puymaly Lichenized 
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Table 7 Soil Stability Criteria. Criteria descriptions from Herrick et al. (2001). 
Stability Class Criteria for assignment to stability class 
1 Soil too unstable to sample (falls through sieve);  
or 50% of structure integrity lost within 5 s of insertion in water 
2 50% of structural integrity lost within 5-30 s after insertion 
3 50% of structural integrity lost within 30-300 s after insertion;  
or < 10% of soil remains on sieve after five dipping cyles 
4 10-25% of soil remains on sieve after 5 dipping cycles 
5 25-75% of soil remains on sieve after 5 dipping cycles 
6 75-100% of soil remains on sieve after 5 dipping cycles 
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Figure 3 The Extent of the Mojave Desert (grey) in the southwestern United States and Lake Mead 
National Recreation Area (black). 
 
 
 
 
Figure 4 Lake Mead National Recreation Area and the Northshore Road reconstruction corridor. 
Construction corridor between mile posts 27 and 48 is designated by the brackets. 
 
Northshore Road 
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CHAPTER 4 
RESULTS AND DISCUSSION 
Field Results 
In most cases for this study all possible main effects and interaction effects were 
tested regardless of their meaningfulness and/or interpretability and interpretation was 
carefully consider the original hypotheses associated with the experimental design. In 
some situations interactions were statistically significant, and generally less attention was 
paid to the interpretation of the main effects. Post hoc comparison tests were used to 
examine possible interactions between main effects since several of the main effects were 
statistically significant. Large main effects were weighted more greatly relative to the 
interactions, such as with cyanobacteria abundances and soil stability. BSCs are generally 
accepted as having the greater influence on soil stability and topsoil application and BSC 
inoculation was expected to have significantly greater cyanobacteria abundances. 
Hypothetically, other effects may minorly impact measured variable compared to the 
effects of topsoil addition and BSC inoculation, and therefore appear statistically 
significant when applied with other large main effects. 
Macroscopic Variables Cover 
Collema species consisted of C. coccophorum and C. tenax, although the former 
to a higher degree. These species can be difficult to distinguish in the field and/or 
intermix readily. Collema occurred in 100% of the experimental and undisturbed field 
plots and occurred most frequently within plots. Placidium species included P. 
squamulosum, P. lacinulatum, and P. lachneum, with the first two listed species 
occurring most often and the last being difficult to distinguish in the field. Peltula 
patellata also occurred within all experimental plots, although not in all undisturbed 
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plots, whereas Peltula richardsii only occurred in 21% of the experimental plots. Psora 
decipiens occurred at a low frequency of only 13% of all BSC inoculated plots and had 
low frequencies within plots and low percent cover when present (<0.5 %). Acarospora 
nodulosa var. nodulosa, Aspicilia aspera, Candelariella citrina, and Fulgensia bracteata 
all had low frequencies of occurrence between BSC inoculated plots (5%, 15%, <1%, and 
<1%, respectively) and had even lower frequency and percent cover than Psora within 
plots where it was present. Overall the cyanolichen Collema had the highest mean cover 
in BSC inoculated plots and undisturbed plots followed by Placidium and Peltula 
species, other soil crust lichens, and then total moss cover, which is the same 
approximate order of cover as undisturbed plots (Figure 5).  
The permuted MANOVA results for the disturbed plot treatments reveal that BSC 
inoculation had the greatest impact on the macroscopic variable BSC cover and the 
individual BSC components tested and non-native annual plants (Table 8). ANOVA and 
NMS results revealed that plots treated with BSC inoculants did not significantly differ 
from the undisturbed reference plots (Table 9; Figure 6), while those not receiving BSC 
inoculation were different from the undisturbed plots (Tables 9 & 10). BSC inoculation 
had the greatest impact and had a strong correlation with BSC cover and cyanobacteria 
surface soil abundances regardless of additional treatment factors (Table 11). 
The individual ANOVAs revealed a more complex relationship between 
treatments and macroscopic variable cover (Tables 11-17). There was no evidence that 
the interactions between the BSC inoculation, topsoil addition, wood shavings addition 
and Ambrosia presence influenced overall macroscopic cover. BSC inoculation did not 
affect organic matter cover. Overall macroscopic variable cover had no measureable 
66 
 
response to the addition of topsoil treatment. Overall macroscopically observed 
cyanobacteria cover was low (Figure 7). Ambrosia and wood shavings application 
influenced the macroscopically observed cyanobacteria cover (Table 14). Cyanobacteria 
in the field observed as a macroscopic variable was greater in field plots that had wood 
shavings, particularly when Ambrosia was absent, although only marginally significant 
(Figure 8).  
Topsoil and wood shavings treatments had significant individual and two-way 
interactive effects on organic matter. Topsoil treatments alone increased organic matter 
(Tables 15 &18; Figure 9). Wood shavings statistically and significantly increased 
organic matter observed across all field treatment plots (Tables 15 & 18; Figures 10 & 
11). Topsoil addition and wood shavings treatments and their interaction across all 
treatments increased the observable organic matter on the soil surface (Figure 11). 
Non-native annual plants included the forbs Brassica tournefortii L., Erodium 
cicutarium (L.) L'Hér. ex Aiton, Malcolmia africana (L.) W.T. Aiton, Salsola tragus L., 
and the graminoids Bromus rubens L. and Schismus P. Beauv. Across all plots, total non-
native annual cover for both forbs and graminoids was low, with means ranging from 0.2-
4.8% (Table 19; Figure 12). B. rubens and Schismus had a high enough plot frequency 
occurrence to analyze separately (Tables 17; Figure 13). Other non-native annuals were 
not present in enough plots to include in separate analyses and were pooled to observe 
overall non-native annual cover (Table 17). All non-topsoil plots, regardless of other 
treatments had little to no non-native annual plant cover (Figure 14).  
For total non-native annual plant cover, topsoil application and wood shavings 
presence, and the two-way interaction between both main treatments were statistically 
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significant (Table 16). All differences between topsoil treatments were statistically 
significant. The addition of topsoil increased total non-native annual cover (Figure 14) 
and specifically B. rubens and Schismus (Figure 15). In most occurrences of non-natives 
their presence was related to the presence of topsoil (Table 16; Figures 12 & 15). Topsoil 
and wood shavings combination treatment had slightly higher non-native cover than 
wood shavings treatment alone, although this only included a higher mean cover of S. 
tragus, and cover was significantly less than plots treated with just topsoil.  
With addition of BSC inoculation on topsoil treatments had little to no non-native 
annual cover except when the additional treatments of wood shavings and/or Ambrosia 
were also present (Figure 12). No interactions were observed between main treatments 
and the pair-wise comparisons were not significant. With the addition of wood shavings 
to topsoil and BSC treatments, the non-native annual grass Schismus increased (Figure 
16). However, neither difference between wood shavings treatments with topsoil 
treatments was statistically significant. Topsoil addition and wood shavings addition 
separately did influence Schismus cover. 
Fluorescence Results for Collema spp. Collected in the Field 
In almost every time period, 6, 12, 24, and 48 hours, for every fluorescence 
variable, Fm/Fv, F'm/F'v, ФPSII, and F'q/F'm, the Collema sampled from undisturbed control 
plots had statistically lower values than any of the treated plots (Table 20; Figures 17-20). 
None of the main treatment effects were statistically significant. All of the parameters 
Fm/Fv, F'm/F'v, ФPSII, and F'q/F'm showed no significant responses to main treatments 
(Tables 21-24). For all experimental plots with BSC inoculants only time significantly 
influenced chlorophyll fluorescence parameters, although this was expected (Table 25). 
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Microscopic Variables 
The most commonly observed cyanobacteria from cell counts included species in 
the genera Microcoleus, Phormidium, Pseudophormidium, Symploca, Nostoc, Scytonema, 
Hassallia, Tolypothrix, and Leptolygnbya. Green algae observed included species in the 
genera Chlorellaceae and Chlorococcaceae as free-living forms and species from the 
families Chaetophoraceae and Trebouxiaceae, likely sourced from lichens.  
Using light microscopy with 1:100 dilutions to observe microorganisms in surface 
soil samples per plot revealed that all plot treatments had evidence of microbial life. Plots 
not containing topsoil or BSC inoculants had few to no observable cyanobacteria or algae 
using this method. However, the 1:10 dilutions after 3-4 weeks did show evidence of 
cyanobacteria in all treatments, likely due to the presence was below detectable levels in 
the 1:100 dilutions. Only those disturbed plots treated with BSC inoculants had total 
observed cyanobacteria and algae, and specifically filamentous cyanobacteria, 
abundances comparable to the undisturbed plots. 
BSC inoculation and topsoil treatments had significant effects on the presence of 
cyanobacteria and the total organisms observed with light microscopy (Table 26). The 
addition of BSCs and topsoil treatments individually had greater estimated abundances of 
cyanobacteria and algae observed in surface soil samples, particularly filamentous 
cyanobacteria (Figure 21). Topsoil treatment without BSC inoculation increased the total 
observed cyanobacteria and algae significantly (186% increase); however, topsoil 
treatment with BSC inoculation was not significant (17% increase from an already large 
value). With the exclusion of BSC inoculants and topsoil, cyanobacteria and algae 
estimated surface soil abundances were substantially reduced (Figures 22-25).  
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Unicellular and colonial cyanobacteria presence was greater in BSC inoculated 
plots; however, topsoil and Ambrosia presence had an interactive effect on unicellular 
abundance values (Table 26; Figures 22-25). Cyanobacteria had larger abundances in 
Ambrosia plots compared to no treatment plots; however this is only minorly significant 
for filamentous cyanobacteria (P=0.082). When topsoil and/or BSC inoculation was 
present Ambrosia likely had little influence on cyanobacteria compared to the influence 
of the other two main treatments. The increase in overall cyanobacteria and algae 
abundances in the presence of Ambrosia when topsoil treatment was absent is not 
statistically significant due to high variation between plots. In inoculated plots, colonial 
cyanobacteria responded minorly to the absence of wood shavings when Ambrosia was 
present. Topsoil with Ambrosia significantly decreased unicellular cyanobacteria. When 
inoculated with BSCs, colonial cyanobacteria were greater when Ambrosia was present 
and when wood shavings were absent.  For plots receiving BSC inoculation and topsoil, 
wood shavings and Ambrosia treatments did not significantly affect colonial 
cyanobacteria. Plots with BSC inoculants without topsoil and with Ambrosia significantly 
increased colonial cyanobacteria when wood shavings were not present, but Ambrosia 
had no effect when wood shavings were present. 
Field Soil Stability 
Greater values of soil stability corresponded most strongly with BSC inoculation, 
followed by topsoil presence (Tables 27 & 28). The soil stability in plots inoculated with 
BSCs did not differ significantly with soil stability in undisturbed plots (Table 29). The 
two-way, three-way four-way interaction of main treatments did not show any 
significance (Table 27). Topsoil had an intermediate effect on soil stability compared to 
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plots without topsoil; however, this was only when compared to treatments without BSC 
inoculation (Table 27; Figure 26). The possible main effects and interaction effects were 
tested regardless of their meaningfulness and/or interpretability. if the interaction is 
statistically significant, less attention is generally paid to the interpretation of the main 
effects. Post hoc comparison tests were used to examine possible interactions between 
main effects because several of the main effects were statistically significant.  
Available Nitrogen 
 Nitrate and ammonium were different with respect to treatment (Table 30; Figures 
27 & 28). Experimental disturbed plots with no treatment had the largest mean nitrate 
concentration out of all the experimental and undisturbed plots. Nitrate was not 
statistically different between BSC inoculated and non inoculated plots, and there appears 
to be no trend between treatments. With the absence of BSC inoculants, nitrate levels 
were significantly greater when neither topsoil nor Ambrosia were present (Table 31). 
The interaction between wood shavings and Ambrosia resulted in a decrease in nitrate 
relative to wood shavings treatment without Ambrosia, while nitrate was the same with or 
without Ambrosia when wood shavings were absent (Figure 29). There was an interaction 
between topsoil and Ambrosia, resulting in a significantly increased nitrate mean value 
compared to topsoil alone and a decrease in the nitrate mean value compared to Ambrosia 
alone (Figure 30). 
BSC inoculation did produce a statistically significant effect on ammonium values 
without any interactive effects with other main treatment variables, however the mean 
ammonium values were comparable to or less than mean ammonium values for 
treatments with BSC inoculants and other treatment (Table 31; Figure 28). Wood 
71 
 
shavings presence resulted in different effects on ammonium compared to nitrates. Wood 
shavings addition resulted in significantly lower ammonium values compared to plots 
without wood shavings (Figure 31). There was an interaction between topsoil and 
Ambrosia as with mean nitrate values, although the patterns differ between the types of 
nitrogen considered. The mean ammonium value was lower in plots treated with topsoil 
and Ambrosia compared to topsoil plots without Ambrosia, although the addition of 
topsoil to Ambrosia plots resulted in a lower mean ammonium value (Figure 32). The 
addition of topsoil treatment alone increased ammonium, although this was not 
significant. 
Greenhouse Observations and Results 
As a result of greenhouse climate conditions and watering techniques, all lichens 
and mosses began to bleach within three-four months. Initially the blowers within the 
greenhouse were constantly blowing due to program malfunctioning increasing the 
drying time of BSC organisms. Proceeding, the greenhouse had several temperature 
failures resulting in high ambient temperatures. As a result of these repeated events the 
soil surface dried quickly. In an attempt to salvage the study, plastic was used to cover 
the flats and maintain higher surface soil humidity. Plastic was removed in two week 
intervals for a rest period. 
The plastic covering resulted in an extremely high humidity environment altering 
the BSC species cover diversity and density. Cyanobacteria, particularly Microcoleus, 
and mosses, particularly Syntrichia, adapted well to higher moisture content in the air and 
in the soil. Observationally, cyanobacteria had the highest cover in both slurry and dry 
inoculated plots. Non-inoculated flats contained little to no cyanobacteria obvious with 
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visual observation. Eventually, chlorosis occurred in cyanobacteria regardless of other 
treatments. Data were not analyzed due to the potential non replicability of results. 
Laboratory Tests Results 
Fluorescence Monitoring and Addition of Mannitol and Glucose Results 
Glucose and mannitol solutions had different results on chlorophyll fluorescence 
values for Collema (Tables 32-35; Figures 33-36).The 6% glucose treatment had the 
greatest response for the initial hydration event, particularly the longer the samples were 
hydrated. Fluorescence parameters were higher than the control and maintained a higher 
mean light-adapted fluorescence over the 48 hour period of monitoring (P<0.05). The 6% 
mannitol treatment effect was negatively correlated to fluorescence parameters and more 
greatly retarded the recovery of fluorescence for the initial hydration event after storage. 
The addition of glucose and mannitol solutions after 48 hours of hydration with just water 
did not significantly alter fluorescence values. For the second hydration event, the 
addition of 6% mannitol and 10% mannitol shortened the time for recovery of 
fluorescence compared to the control and maintained a higher fluorescence throughout 
the 24 hour monitoring period; however these were not statistically significant. For 
samples that received treatments before dry down, the rehydration with of samples 
treated with 10% mannitol and 6% glucose reduced the overall fluorescence for the first 
12 hours after rehydration (P<0.10).  
Effect of Dry Storage and BSCs Results 
Over time, the mean light and dark-fluorescence reduced as storage time 
increased, and this was statistically significant for both the dark-adapted (P<0.05) and 
light-adapted fluorescence parameters (P<0.001) (Figure 37). Differences were 
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statistically significant between the 3 year, 4 year, and 0 year (newly collected) light- and 
dark-adapted fluorescence and pair-wise except for dark-adapted fluorescence between 
the 3 year and newly collected Collema samples. 
Effect of Slurry Inoculation to Autoclaved Native Soils 
Flats inoculated with slurry had a significant cover of cyanobacteria, mostly 
Microcoleus. The cyanobacteria formed a patchy to continuous cover in inoculated flats, 
while the non-inoculated flats maintained bare soil. Glucose significantly increased 
cyanobacteria cover (Tables 36 & 37). Nutrient addition had no significant impact on 
cyanobacteria cover alone, but the combination of nutrients and glucose produced 
cyanobacteria cover that was significantly greater than treatments with no glucose and 
qualitatively greater than the plots with glucose alone (Figure 38). 
Discussion 
Examining the Potential of Biological Soil Crust Restoration in Gypsiferous Soil 
Inoculation with BSCs on disturbed gypsiferous soil significantly improved 
macroscopic and microscopic BSC organism cover and abundance, soil stability, and 
available ammonium compared to disturbed, non-inoculated plots. Additionally, 
disturbed experimental treatment plots treated with BSC inocula were generally similar to 
undisturbed sites indicating that salvage and storage likely had little impact on BSC 
organisms or that BSC organisms were able to successfully recovery from any negative 
consequences of or damage from salvage and storage and that BSC inocula can 
successfully survive salvage, storage, and field application.  
Several studies have examined the impacts of environmental disturbance to BSC 
communities and/or observed natural recovery. After a disturbance, the generally 
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recognized species succession includes cyanobacterial establishment followed by early 
successional lichens and mosses. Estimates for natural recovery range from years, 
decades to centuries. While cyanobacteria more easily colonize disturbed areas, recovery 
of later-successional BSC organisms such as lichens and mosses require longer timer 
frames for recovery.  
Belnap (1993) observed that 2 years after disturbance in gypsiferous soil plots, 
cyanobacteria communities began to recover with minimal natural recovery of the main 
surface lichen Collema. Similarly, this thesis work also utilized BSCs that contained 
Collema, which constitutes a large proportion of the Mojave Desert gypsiferous BSC 
community and has the greatest influence on soil stability and available nitrogen. Belnap 
(1993) found that plots that were treated with BSC inocula did have minimal lichen 
recovery after 2 years with 3.6% cover compared to 43.3% in undisturbed plots and none 
in non-inoculated plots. Plots were inoculated with approximately 25% of the material 
that was scraped off, resulting in an estimated inoculation of 11.5% soil crust. Survival of 
BSC inocula for this thesis study was almost 100% with almost the same cover of BSC 
inocula present after 18-22 months (~30%). Belnap (1993) also observed that 5 years 
after scalping crusts from sandy sites that cyanobacteria had covered the surface and 
pedicellation had began, but there was no evidence of lichens or mosses. In the disturbed 
experimental treatment plots for this thesis, there was little to no evidence of visually 
obvious cyanobacteria or other BSC organisms in plots not inoculated with BSCs and 
there were few plots with visually estimable cyanobacteria. Anderson et al. (1982) 
observed that 14-18 years after grazing exclusion, BSC recovered from 4% to 15%, while 
37-38 years after grazing exclusion there was only an additional 1% recovery, indicating 
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that BSC recovery slowed as cyanobacteria and algae cover was taken over by lichens 
and mosses. It is possible returning to the experimental thesis plots in the near future will 
show minimal additional macroscopic cover and the abundances of cyanobacteria may 
decrease as lichens and mosses increase in BSC inoculated plots.  
BSC inoculated experimental plots and undisturbed plots had relatively equivalent 
cyanobacteria abundances indicating that BSC inoculation assists with restoring the 
microorganism consistency and abundance of cyanobacteria communities after 
disturbance. The addition of salvaged topsoil also resulted in a positive response for 
cyanobacteria abundance, indicating that topsoil salvaging and reapplication is also 
beneficial to microorganism populations if BSC inoculation is not feasible.  
In the laboratory study, cyanobacteria grew quickly in inoculated flats on native 
autoclaved soils with regular watering treatments and covered much of the soil surface. 
Since cyanobacteria were observed in all treatments in the 1:10 dilutions inoculation 
compared to 1:100 dilution observed with light microscopy, it is evident that in the 1:100 
dilutions, organisms were below detectable levels and water is likely the main limiting 
factor for hindering the recovery of cyanobacteria in the field. The limited opportunities 
for extended wetted periods in the field create a deficit for promotion of cyanobacterial 
biomass. Over time, and with increased opportunity for repeated wetted events within 
optimal temperature ranges over several years, cyanobacteria biomass will likely 
increase.  
Compacted soils limit micropore space. For the Northshore project topsoil 
reapplication was conducted in a manner to reduce soil compaction and encourage 
physical crusts to form. Soil compaction was not measured and the influence of 
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disturbance directly to surface soils and to the habitat of BSC organisms is uncertain. The 
wood shavings break up the physical crust on the surface providing a discontinuous 
physical barrier. Cyanobacteria observed at a macroscopic level in the field occurred at a 
higher frequency in plots with wood shavings, which could be due to increased surface 
texture and an increase in watering pooling and moisture retention. It is less likely that 
cyanobacteria were impacted by the decomposition of the wood shavings. However, as 
wood shavings decompose over the long-term, the addition of organic matter may 
improve conditions for cyanobacteria. Maestre et al. (2006) observed greater 
cyanobacterial biomass from slurry inoculation when combined with autoclaved sewage 
sludge containing a high concentration of total carbon.  
Cyanobacteria were positively influenced by the main treatments Ambrosia, 
topsoil reapplication, and BSC inoculation. However, interactions between the main 
treatments may require further examination for clarify the role of Ambrosia presence. The 
presence of native perennial shrubs has been observed to support greater diversity and 
density of BSC organisms. Shrub structure can provide shade with increased canopy 
cover, diffusing light when leaves are present, as well as having a structural impact on the 
surrounding area. As particulates are blown across the soil surface, a shrub provides a 
brief wind break settling particles around and under the shrub, which may result in dust 
covering some lichens, reducing their photosynthetic capacity. However, 18 months to 2 
years may not have been enough time for Ambrosia presence to impact the BSC 
community. The addition of Ambrosia did not show a main effect and had minimal if any 
influence on the field plots or BSC organisms. Additionally, some of the transplanted 
Ambrosia died disproportionately in non-topsoil areas during the field study, possibly 
77 
 
skewing the results and increasing variation in response of some response variable such 
as nitrate concentration. New transplants may utilize greater amounts of nitrate, reducing 
the concentration in the soil surface. However, a source of increased variance may be a 
result of some of the Ambrosia dying after the first year. There were not enough 
replicated for the treatments to analyze live and dead Ambrosia separately, although the 
interaction between BSC inocula and outplanting treatments should be further examined 
since outplanting treatments are a common restoration practice. 
 BSCs and native plants play interactive roles with influencing nutrient cycling 
and carbon and nitrogen content of the surface soil. Higher ammonium concentrations 
occurred in plots inoculated with BSCs and is likely related to nitrogen fixation by 
cyanobacteria and cyanolichens, which dominate the BSCs. Collema and Peltula are 
lichen species with cyanobacterial photobionts and are a significant component to the 
gypsiferous BSC communities in the eastern Mojave Desert.  
Wood shavings and Ambrosia treatments without BSC inoculation had little to no 
microscopically observed cyanobacteria evident in surface samples, coinciding with the 
lower ammonium concentrations for these treatments. The qualitative trend for 
ammonium suggests that either topsoil application or Ambrosia alone may have enhanced 
ammonium due to influences on nitrogen-fixing organisms, but with both or neither of 
these treatments ammonium was reduced in the soil. This may be an artifact of the field 
study or such variation is a result of the disproportionate number of Ambrosia transplants 
that died in plots that were without topsoil.  
Wood shavings and Ambrosia debris had only a short time to begin 
decomposition and will eventually contribute carbon in the soils. However, the temporary 
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addition of a readily available carbohydrate, like mannitol or glucose, or other nutrients 
commonly used for vascular plants, may additionally assist with increasing and 
accelerating rehydration recovery, photosynthetic capacity, or carbon acquisition, 
enhancing cyanobacteria growth, or increasing nitrogen fixation rates. Bottomley and 
Stewart (1977) demonstrated that nitrogenase activity declines in the dark due to the 
reduction of ATP via photosynthesis and that cyanobacteria species have the ability to 
utilize exogenous carbon sources if available to assist with rehydration recovery and use 
for other metabolic functions, such as nitrogen fixation. 
Nitrate analysis did not emerge any trends related to BSC or topsoil application. 
This may be explained by several factors. All plots had evidence of microorganisms and 
nitrate incorporation may be a result of soil microbial activity. Or precipitation is limited 
throughout the year and nitrates may not have had time to leach to subsurface soils. 
Subsurface desert soils have been found to accumulate nitrate over millennial time frames 
(Walvoord et al. 2005) and during the reconstruction process subsurface and surface soils 
were mixed due to the limitations of construction techniques. In areas that do not have 
topsoil reapplied, former subsurface soils are not exposed. In either situation, it may be 
difficult to classify a disturbance over a large area due to the depth of impact into 
subsurface soil layers and potential mixing of the top layer of soil with subsurface soils 
that were not exposed until disturbance. Also, subsurface layers over a large area may 
differ in composition and parent materials. 
Stabilizing soil is one of the main concerns with any disturbance. The strong 
correlation between soil stability and BSCs provides strong support for utilizing a native 
biota that will incorporate into the environment as it recovers and establishes a 
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sustainable trajectory. For the thesis field study soil stability was influenced along a 
gradient with the treatments, with increasing soil stability with the addition of wood 
shavings, then topsoil, and finally the greatest increase with BSC inoculation. Any main 
treatment variable combine with BSC inoculation resulted in high soil stability ratings. 
The increase in soil stability with the application of topsoil coincides with the larger 
presence of observed cyanobacteria. Since topsoil is more easily disturbed by heavy 
precipitation and wind events and is more easily destabilized by human and non-human 
traffic, continued disturbance to topsoil should be avoided to provide time for the 
cyanobacteria community to establish. 
BSC inoculation of lichens and mosses to new surface soils increase soil stability 
much greater than cyanobacteria in topsoil can accomplish alone. The influence of 
Ambrosia on surface stability was expected to be negligible and have a greater influence 
on subsurface stability. Ambrosia treatments were correlated with higher abundances of 
unicellular or colonial cyanobacteria which do not as effectively bind soil particles as 
filamentous cyanobacteria and correlated with lower soil stability ratings. The presence 
of filamentous cyanobacteria within Ambrosia treatments was highly variable likely due 
to the survival of Ambrosia, the impact on airborne dust settling around the shrub canopy, 
shade effects, and the increased soil surface humidity around which provide extended 
periods of time in a metabolically active state compared to BSCs in interspaces, which 
are more exposed.  
Recognizing and Reducing Stress for BSC Inocula 
Chlorophyll fluorescence provides insight to BSC response to salvage, storage, 
and field applications. It is recognized as an index of stress and recovery in desiccation 
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tolerant species (Proctor 2010, 2003; Stirbet and Govingjee 2011). Field and laboratory 
fluorescence responses differed depending on treatment, which may be due to several 
environmental factors, including physiological and chemical inducement. It must be 
noted that there are several sources of error that influence fluorescence parameters for 
cyanobacteria and cyanolichens other than stress. Healthy measurements include Fv/Fm 
up to 0.8. Lu and Zhang (2000) observed lower Fv/Fm values in measurements of the 
cyanobacteria Spirulina. Belnap et al. (2007) observed that the cyanolichen Collema 
lower fluorescence values. Phycobiliprotein presence, pigment concentration fluctuations, 
and PSI fluorescence may be responsible for lower than expected chlorophyll 
fluorescence parameters measured for Collema specimens. Using newly acquired samples 
from the field provide an analogue for quality chlorophyll fluorescence values 
Phycobiliproteins found in cyanobacteria fluoresce contributing to Fo and PSII 
only contributes a portion of the total chlorophyll present. As a result, Fv/Fm may not be a 
reliable indicator of PSII functioning if there are non-constant pigment concentrations. 
Constant pigment concentrations and Fv/Fm correlate well with independent 
measurements of PSII function (Campbell et al. 1989) providing Fv/Fm as an acceptable 
parameter. Stress impacts pigment concentrations and will impact Fv/Fm values for 
cyanobacteria and cyanolichens. Additional error may occur with photosystem I (PSI) 
fluorescence, which contributes to overall fluorescence measure and decreases the value 
of F'q/F'm. The exposure of a specimen to a saturating pulse of light to measure F'm can 
result in increased values of F'q/F'm. Therefore this value cancan be inaccurate, although 
the influence of PSI is assumed to be negligible as it impacts fluorescence generally 
(Stirbet and Govingjee 2011).  
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Chlorophyll fluorescence is impacted by the concentration of chlorophyll a 
pigment molecules. Damage to photoreceptors or the degradation to chlorophyll a content 
or pigment molecules will cause a reduction in chlorophyll fluorescence and a negative 
physiological response. During desiccation, PSII becomes inactive and mechanisms are 
in place to physically and physiologically limit the exposure of these systems to damage 
or radiation (Veerman et al. 2007). However, even though these organisms are resilient to 
desiccation, they are brittle. Collema can be damaged during salvage and storage. Stored 
salvaged crusts were maintained from October 2008 to December 2010 in facilities that 
ranged in temperatures in the summer 15°C to 26°C and 1°C to 4°C in winter months. 
Beginning in January 2011, crusts were moved to the University of Nevada, Las Vegas in 
an environmental control room set at 4°C (varied between 4°C and 7°C) with a relative 
humidity averaging about 20%. It is likely that during these changes in storage conditions 
and the movement from one place to another brittle crust organisms were broken 
damaging their photosystems. In storage pigment molecules may degrade, eventually 
decreasing photosynthetic power but also making the organism more susceptible to 
irradiation damage.  
It appears that Collema is impacted with prolonged storage, as was shown in 
observing chlorophyll fluorescence after three and four years since storage began. Any 
physical or physiological damage to photosystems results in an inhibition or hindrance of 
recovery during rehydration (Allakhverdiev et al. 2005). Due to damage, the mycobiont 
increase the flow of carbohydrates to the photobiont to increase the production of repair 
molecules, or the photobiont reacts to damage upon rehydration and begins repairing 
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damaged photosystems and DNA. The mycobiont regulates the abundance of the 
photobiont in lichens (Clark et al. 2001; Honegger 1991). 
When Collema were first analyzed using chlorophyll fluorescence with the 
addition of glucose and mannitol treatments, crusts had only been in more consistent cold 
storage for 6 months. Fluorescence values were about the same a year later when in 
August 2011 yearly monitoring began. After two years in cold storage, fluorescence 
values had significantly reduced. It is possible that pigment molecules had degraded to a 
point of impacting photoefficiency. Further research will be necessary to elucidate the 
impacts of longer-term storage on salvaged BSCs.  
In the laboratory glucose addition reduced the time of chlorophyll fluorescence 
recovery and maintained higher fluorescence values throughout the hydration period, 
showing a positive response to the treatment and possibly a deficiency in glucose 
production or photosynthetic efficiency for attaining a positive carbon balance. The 
addition of mannitol initially did not have a positive response with the first hydration 
event, although there was a positive response during the second hydration event. As 
already noted some cyanobacteria species grow photoheterotrophically with the addition 
of glucose in the presence of a photoautotrophs growth inhibitor; and some species grow 
chemoheterotrophically with glucose in the dark (Rippka 1972). The addition of an 
adequate amount of glucose may assist with repair mechanisms and photosystem 
recovery as well as assist with preparing for desiccation, while too high of a 
concentration may impact osmoregulation. These treatments may be useful for BSC 
organisms that have been in a prolonged state of desiccation or stress, or may be used to 
prepare BSCs for use as inocula. 
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Research Limitations and Proposed Improvements  
The experimental approach and methods for this thesis have several limitations. 
The study was only conducted over a limited period of time. Additional monitoring of 
salvaged and storage crusts and field sites would provide greater information available to 
estimate the impacts of disturbance and restoration activities on BSC organisms. Soil 
properties per treatment were not included in the analysis. Soil analysis would provide 
information of the impacts of disturbance to gypsiferous soils and how experimental 
treatments impact disturbed soils. This information may guide a hypothesis for BSC 
species succession or a range for improvements in BSC ecosystem processes after 
disturbance. Additionally, a block full-factorial design limited to specific known soil sites 
would have provided more control. The field study area consisted of a long corridor of 
non-continuous road segments, which encompassed every different soil types with 
varying levels of gypsum, calcium, and textures.  
Chlorophyll fluorescence is influenced by field conditions resulting in seasonal 
fluctuations in chlorophyll content. Obtaining fluorescence in field conditions would 
provide seasonal observation on the same specimens without invasive or destructive 
treatment. Other important parameters such as soil respiration, chlorophyll a content, and 
nitrogenase activity were not measured; however, the parameters that were used for 
analyses, such as chlorophyll fluorescence and available nitrogen, have been found to 
correlate with chlorophyll a content and nitrogenase activity, respectively. The 
assumption that the quantum yield of chlorophyll fluorescence is an index of the maximal 
photochemical efficiency for PSII in higher plants cannot be extended to cyanobacteria 
and cyanolichens since other factors contribute to fluorescence and are enhanced when 
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the organism is stressed (Campbell et al. 1989). Available nitrogen measurements only 
provide a measure of what is available in the surface soils, which may be accumulated 
from more than soil crust organisms. Nitrogenase activity would provide an estimated 
measure of the proportion of available nitrogen that is being contributed by soil crust 
organisms. 
The main limitations for the greenhouse study were a result of the facilities and 
the watering technique. An automatic watering system in an enclosed area with minimal 
direct air blowing across crusts may reduce the evaporation rates and increase hydration 
times. Using deeper containers with more soil and a humidifier can increase the relative 
humidity and reduce the evaporation rates. More water would be able to penetrate into 
deeper soil layers, increasing water retention time in soil. It may also be beneficial to 
replicate the treatments on a small scale under laboratory conditions and use a growth 
chamber where climate conditions are more easily controlled.   
Implications for Non-Native Annual Plant Treatments 
Salvaging, stockpiling, and reapplying topsoil is a required practice for road 
impacts where possible, which could have great benefits for preserving the soil chemistry 
and seed bank of the native soils. For many areas this mitigation measure is the only 
rehabilitation treatment implemented. Soil salvaging activities also have the additional 
benefit of retaining the native surface soil biota that will facilitate the initial BSC 
recovery and soil stabilization. Additionally, salvaging, transplanting, or growing and 
planting native perennial shrubs assist with reestablishing native plant communities while 
reestablishing the visual consistency of the landscape. However, both practices appear to 
facilitate and promote non-native annual plants. The addition of BSC restoration 
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treatments either alone or in conjunction with either or both of these practices can be 
beneficial for suppressing and/or reducing the spread of non-native annuals. 
BSCs were stored up to two years prior to reapplication in the field, with the first 
year and a half of storage in facilities maintain on average higher temperatures (15°C-
25°C), which may have negatively influenced the viability of BSC organisms or any 
native or non-native seeds collected along with the crusts. Since plots treated with just 
BSC inoculants had little to no non-native presence, it may be assumed that either the 
salvaged BSCs contained few seeds or suppressed germination either through physical or 
chemical means.   
Within the Northshore Road reconstruction area, several non-native annuals were 
identified before, during, and after construction above ground and in the seed bank 
(Abella et al. unpublished data) and after the establishment of the BSC experimental 
plots, as observed by this study. Topsoil was a significant factor in the presence of non-
native annual plants likely due to seeds already present in the existing seed bank which 
were retained when topsoil was salvaged and reapplied. Disturbing the soils likely 
exposed non-native seeds. Also, non-native seeds may have accumulated on topsoil stock 
piles in the field, adding yearly to the viable seeds in the topsoil stockpiles. Visual 
observation showed that soils with high clays and gypsum content contained fewer no-
native above ground plants compared to soils will more sand and less gypsum content, 
although this was not analyzed statistically and varied greatly over the course of the 4 
years of the Northshore Road projects. 
In experimental treatment field plots Schismus appeared to be negatively 
influenced by the addition of wood shavings to topsoil plots, which may be due to the 
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decrease in surface area and reduced soil penetration and/or emergence. Wood shavings 
were observed at higher surface exposures in topsoil plots. The two-way interaction 
between the presence of topsoil and wood shavings also resulted in a reduction of nitrate 
and ammonium, which may also have been a factor in the lower cover of Schismus in 
plots with both topsoil and wood shavings. BSC inocula alone did not appear to support 
non-native annual plants, and BSC inocula on top of topsoil appears to have suppressed 
non-native presence. The addition of any other treatment factor with BSC inocula other 
than BSCs and just topsoil resulted in a greater presence of non-native annuals. BSC 
processes, such as nitrogen fixation may provide an optimal location for non-natives such 
as B. rubens or Schismus by replicating a fertile island effect. BSC inoculation and 
Ambrosia presence resulted in the highest B. rubens and Schismus cover, however other 
non-native forbs were reduced in presence. Ambrosia presence had a tendency to reduce 
overall cyanobacteria presence and ammonium in BSC inoculated plots, while slightly 
increasing nitrate concentration.   
It may be optimal to actively treat stockpiled topsoil with herbicides. However, it 
is unclear how these chemicals will impact cyanobacteria and algae or other 
microorganisms in the soil. Also, if BSC inocula are used in restoration treatments, it is 
unclear how the commonly used herbicides and anti-emergent chemicals will impact the 
physiological functioning of lichens and mosses. Further testing would be required to 
understand the impact of these chemicals on BSC organisms and how herbicide 
treatments can work in conjunction with BSC inoculation as a method to suppress or 
reduce the spread of non-native annual plants. 
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The Dilemma of the Land Manager 
Land managers have to contend with necessary or accidental disturbances and the 
requirements of rehabilitation after disturbance. The National Park Service (NPS) is 
required to maintain the biota and visual aesthetics of the landscape, which includes 
vegetation and BSC communities, which are wide spread in Mojave Desert ecosystems. 
Damage to these areas is highly visual and rehabilitation techniques currently used do not 
necessarily cover up damaged areas or restore damage. Topsoil salvage and reapplication 
and salvage and transplanting of native perennial plants will not accelerate recovery of 
severely disturbed desert ecosystems enough to reduce the long-term impacts of the 
disturbance.  For example, the presence of non-native annual plants is problematic due to 
the likelihood these plants will benefit from disturbance. The NPS needs methods to 
hasten recovery while also reducing the visual inconsistencies in the landscape.  
BSC inoculation on disturbed gypsiferous soils may provide an additional benefit 
by reducing some non-native annuals, increasing nitrogen and carbon inputs, and provide 
greater soil stability than topsoil reapplication and engineering structures alone. However, 
a source of inocula is not always readily available. The Rehabilitate Northshore Road 
project was anticipated to impact undisturbed BSC patches, providing inocula. If this is 
not an option with future disturbances or for treatment of past disturbances, disturbing 
another area to obtain inocula could increase the risk of introducing or facilitating non-
native annual plants at the site of salvage or result in additional ecosystem damage. It 
may be prudent to first observe the soil seed bank prior to any sacrificial salvaging. 
Additionally, an initial measure that may reduce the amount of inocula salvaged would be 
to use part salvaged material for artificially promoting the cyanobacterial component. 
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Even though topsoil may contain non-native annual plant seeds, BSC organism 
composition would be more closely acclimated to this topsoil community compared to 
subsurface soils. Depending on the type of disturbance, the soil properties may shift the 
BSC population to a community that is less stable with reduced carbon and nitrogen 
inputs, as with cyanobacteria-dominated BSC communities. 
In this thesis, field plots were inoculated at approximately 30% cover. It is 
possible that similar results for increasing soil stability and facilitating the return of 
carbon and nitrogen cycling could be achieved with lower percent application. It is not 
likely that BSC macroscopic cover will increase substantially in these plots over the next 
decade. However, the cyanobacterial community will increase and colonize between 
lichen and moss pieces, reestablishing an almost continuous cover. Belnap and Warren 
(2002) observed a 46-65% recovery of cyanobacteria in disturbed BSC communities on 
desert pavement sites in the Mojave Desert since WWII; disturbed plots were compared 
to adjacent undisturbed plots. Over this 50-60 year time frame, about half of the 
cyanobacteria community recovered its population in areas where it was just driven over.  
Likely, highly disturbed sites, like those along the Northshore Road will require 
twice that time or greater if areas are not within close proximity to potential native 
inoculants. It is likely that either a light slurry or 10-20% BSC inoculation with discrete 
pieces will greatly facilitate cyanobacteria recovery, as was observed in the laboratory 
slurry inoculation study and in the field inoculation study.  
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Table 8 Multivariate analysis of variance (MANOVA) results for cover of macroscopic variables, lichens, 
mosses, organic matter, and non-native annual plants, in gypsiferous soil restoration treatment plots in the 
eastern Mojave Desert, analyzing the effects of  the main treatments, biological soil crust inoculation 
(BSC), topsoil (TS), wood shavings (WS), and Ambrosia (AMDU), and their two-way, three-way, and 
four-way interactions. Significant values in bold, alpha 0.05.  
Treatment df F P 
BSC 13 16.69 0.001 
TS 13 1.68 0.187 
WS 13 6.25 0.005 
AMDU 13 0.52 0.672 
BSCxTS 13 0.47 0.916 
BSCxWS 13 0.00 1.000 
BSCxAMDU 13 0.00 0.987 
TSxWS 13 1.34 0.265 
TSxAMDU 13 1.09 0.364 
WSxAMDU 13 0.32 0.805 
BSCxTSxWS 13 0.00 0.979 
BSCxTSxAMDU 13 0.13 0.937 
BSCxWSxAMDU 13 0.16 0.914 
TSxWSxAMDU 13 0.00 0.984 
BSCxTSxWSxAMDU 13 0.44 0.734 
 
Table 9 Comparisons of  macroscopic variables of lichens, mosses, organic matter, and non-native annual 
plants between undisturbed and experimental treatment field plots in gypsiferous soil in the eastern Mojave 
Desert for main treatments effects, biological soil crust inoculation (BSC), topsoil (TS), wood shavings 
(WS), and  Ambrosia (AMDU), and their two-way, three-way, and four-way interactions. Significant 
values highlighted in bold, alpha 0.05. 
 
Treatments Undisturbed df F P 
BSC Undisturbed 18 0.393 0.777 
TS Undisturbed 18 4.6 0.008 
WS Undisturbed 18 4.99 0.006 
AMDU Undisturbed 18 4.78 0.007 
BSCxTS Undisturbed 18 0.702 0.586 
BSCxWS Undisturbed 18 0.901 0.449 
BSCxAMDU Undisturbed 18 0.668 0.604 
TSxWS Undisturbed 18 5.313 0.005 
TSxAMDU Undisturbed 18 4.606 0.008 
WSxAMDU Undisturbed 18 5.052 0.009 
BSCxTSxWS Undisturbed 18 0.859 0.483 
BSCxTSxAMDU Undisturbed 18 0.573 0.663 
BSCxWSxAMDU Undisturbed 18 0.959 0.427 
TSxWSxAMDU Undisturbed 18 4.86 0.007 
BSCxTSxWSxAMDU Undisturbed 18 0.788 0.531 
Disturbed, no treatment Undisturbed 18 4.69 0.008 
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Table 10 Mean total biological soil crust cover for undisturbed and experimental treatment field plots in 
gypsiferous soil in the eastern Mojave Desert. The main treatments, biological soil crust inoculation (BSC), 
topsoil (TS), wood shavings (WS), and Ambrosia (AMDU). 
Treatments BSC Mean Cover 
BSC 42 
TS 0 
WS 0 
AMDU 0 
BSCxTS 28 
BSCxWS 30 
BSCxAMDU 36 
TSxWS 0 
TSxAMDU 0 
WSxAMDU 0 
BSCxTSxWS 25 
BSCxTSxAMDU 28 
BSCxWSxAMDU 37 
TSxWSxAMDU 0 
BSCxTSxWSxAMDU 29 
Disturbed, No Treatment 0 
Undisturbed Control 45 
 
 
 
Table 11 Individual permutation-based analysis of variance (PERMANOVA) results for biological soil 
crust cover in experimental treatment field plots in gypsiferous soils in the eastern Mojave Desert analyzing 
the effects of the main treatments, biological soil crust inoculation (BSC), topsoil (TS), wood shavings 
(WS), and Ambrosia (AMDU), and their two-way, three-way, and four-way interactions. Significant values 
highlighted in bold, alpha 0.05. 
 
Treatments   BSC   
  df F P 
BSC 1,64 18.14 0.002 
TS 1,64 0.01 0.928 
WS 1,64 0.00 0.995 
AMDU 1,64 0.01 0.956 
BSCxTS 1,64 0.00 0.990 
BSCxWS 1,64 0.00 0.995 
BSCxAMDU 1,64 0.00 0.989 
TSxWS 1,64 0.00 0.998 
TSxAMDU 1,64 0.00 1.000 
WSxAMDU 1,64 0.00 0.987 
BSCxTSxWS 1,64 0.00 0.997 
BSCxTSxAMDU 1,64 0.00 1.000 
BSCxWSxAMDU 1,64 0.00 0.989 
TSxWSxAMDU 1,64 0.00 0.997 
BSCxTSxWSxAMDU 1,64 0.00 0.999 
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Table 12 PERMANOVA results for the cover of the cyanolichen Collema in experimental treatment plots 
in gypsiferous soil in the eastern Mojave Desert analyzing the effects of the main treatments biological soil 
crust inoculation (BSC), topsoil (TS), wood shavings (WS), and Ambrosia (AMDU), and their two-way, 
three-way, and four-way interactions. Significant values highlighted in bold, alpha 0.05. 
 
Treatments   Collema   
  df F P 
BSC 1,13 18.12 0.002 
TS 1,13 0.00 0.992 
WS 1,13 0.00 0.989 
AMDU 1,13 0.05 0.839 
BSCxTS 1,13 0.00 1.000 
BSCxWS 1,13 0.00 0.988 
BSCxAMDU 1,13 0.01 0.949 
TSxWS 1,13 0.01 0.958 
TSxAMDU 1,13 0.00 0.984 
WSxAMDU 1,13 0.00 1.000 
BSCxTSxWS 1,13 0.01 0.951 
BSCxTSxAMDU 1,13 0.00 0.995 
BSCxWSxAMDU 1,13 0.00 1.000 
TSxWSxAMDU 1,13 0.01 0.968 
BSCxTSxWSxAMDU 1,13 0.00 0.987 
 
Table 13 PERMANOVA results for the cyanolichen Peltula and the phycolichen Placidium in 
experimental treatment plots in gypsiferous soil in the eastern Mojave Desert analyzing the effects of the 
main treatments biological soil crust inoculation (BSC), topsoil (TS), wood shavings (WS), and Ambrosia 
(AMDU), and their two-way, three-way, and four-way interactions. Significant values highlighted in bold, 
alpha 0.05.  
Treatments   Peltula   Placidium   Psora   
  df F P F P F P 
BSC 1,13 16.86 0.001 17.71 0.001 5.68 0.023 
TS 1,13 0.19 0.844 0.15 0.821 0.08 0.921 
WS 1,13 0.10 0.927 0.45 0.564 0.25 0.773 
AMDU 1,13 0.09 0.837 0.03 0.978 0.19 0.816 
BSCxTS 1,13 0.09 0.941 0.06 0.957 0.07 0.935 
BSCxWS 1,13 0.08 0.943 0.45 0.580 0.31 0.725 
BSCxAMDU 1,13 0.02 0.995 0.01 0.998 0.16 0.838 
TSxWS 1,13 0.06 0.966 0.24 0.745 0.01 0.999 
TSxAMDU 1,13 1.85 0.169 0.32 0.673 0.31 0.726 
WSxAMDU 1,13 0.23 0.810 0.06 0.948 1.03 0.358 
BSCxTSxWS 1,13 0.05 0.984 0.26 0.722 0.01 0.998 
BSCxTSxAMDU 1,13 0.46 0.611 0.08 0.928 0.27 0.757 
BSCxWSxAMDU 1,13 0.13 0.908 0.04 0.977 1.12 0.337 
TSxWSxAMDU 1,13 0.10 0.930 0.22 0.763 0.32 0.712 
BSCxTSxWSxAMDU 1,13 0.05 0.972 0.14 0.854 0.35 0.695 
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Table 14 PERMANOVA results for total moss and macroscopically observed cyanobacteria in 
experimental treatment plots in gypsiferous soil in the eastern Mojave Desert analyzing the effects of the 
main treatments biological soil crust inoculation (BSC), topsoil (TS), wood shavings (WS), and Ambrosia 
(AMDU), and their two-way, three-way, and four-way interactions. Significant values highlighted in bold, 
alpha 0.05. 
Treatments   Moss   Cyanobacteria   
  df F P F P 
BSC 1,13 9.89 0.003 5.73 0.028 
TS 1,13 0.23 0.801 0.15 0.878 
WS 1,13 0.71 0.470 0.51 0.535 
AMDU 1,13 0.43 0.677 0.13 0.857 
BSCxTS 1,13 0.19 0.839 0.09 0.898 
BSCxWS 1,13 1.12 0.337 0.48 0.554 
BSCxAMDU 1,13 0.35 0.693 0.20 0.779 
TSxWS 1,13 0.18 0.797 1.90 0.184 
TSxAMDU 1,13 0.48 0.603 0.60 0.495 
WSxAMDU 1,13 0.08 0.937 5.74 0.022 
BSCxTSxWS 1,13 0.30 0.747 1.80 0.203 
BSCxTSxAMDU 1,13 0.39 0.679 0.41 0.606 
BSCxWSxAMDU 1,13 0.08 0.937 6.71 0.021 
TSxWSxAMDU 1,13 0.06 0.964 0.87 0.389 
BSCxTSxWSxAMDU 1,13 0.06 0.960 1.02 0.349 
 
Table 15 PERMANOVA results for organic cover in experimental treatment plots in gypsiferous soil in the 
eastern Mojave Desert analyzing the effects of the main treatments biological soil crust inoculation (BSC), 
topsoil (TS), wood shavings (WS), and Ambrosia (AMDU), and their two-way, three-way, and four-way 
interactions. Significant values highlighted in bold, alpha 0.05. 
Treatments   Organic Matter 
  df F P 
BSC 1,13 0.18 0.920 
TS 1,13 4.40 0.016 
WS 1,13 22.30 0.001 
AMDU 1,13 0.80 0.485 
BSCxTS 1,13 0.25 0.873 
BSCxWS 1,13 0.47 0.707 
BSCxAMDU 1,13 0.19 0.913 
TSxWS 1,13 9.44 0.001 
TSxAMDU 1,13 0.42 0.748 
WSxAMDU 1,13 1.06 0.381 
BSCxTSxWS 1,13 1.30 0.286 
BSCxTSxAMDU 1,13 0.66 0.579 
BSCxWSxAMDU 1,13 0.65 0.586 
TSxWSxAMDU 1,13 0.60 0.615 
BSCxTSxWSxAMDU 1,13 0.67 0.577 
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Table 16 PERMANOVA results for total non-native cover in experimental treatment plots in gypsiferous 
soil in the eastern Mojave Desert analyzing the effects of the main treatments biological soil crust 
inoculation (BSC), topsoil (TS), wood shavings (WS), and Ambrosia (AMDU), and their two-way, three-
way, and four-way interactions. Significant values highlighted in bold, alpha 0.05. 
Treatments   Non-natives   
  df F P 
BSC 1,13 0.20 0.821 
TS 1,13 7.18 0.009 
WS 1,13 4.88 0.029 
AMDU 1,13 0.54 0.558 
BSCxTS 1,13 0.20 0.821 
BSCxWS 1,13 0.29 0.762 
BSCxAMDU 1,13 0.38 0.675 
TSxWS 1,13 1.95 0.158 
TSxAMDU 1,13 0.54 0.558 
WSxAMDU 1,13 0.90 0.394 
BSCxTSxWS 1,13 0.64 0.494 
BSCxTSxAMDU 1,13 0.02 0.995 
BSCxWSxAMDU 1,13 0.66 0.487 
TSxWSxAMDU 1,13 0.90 0.394 
BSCxTSxWSxAMDU 1,13 0.64 0.494 
 
Table 17 PERMANOVA results for the cover of the non-native annual graminoids Bromus rubens and 
Schismus in experimental treatment plots in gypsiferous soil in the eastern Mojave Desert analyzing the 
effects of the main treatments biological soil crust inoculation (BSC), topsoil (TS), wood shavings (WS), 
and Ambrosia (AMDU), and their two-way, three-way, and four-way interactions. Significant values 
highlighted in bold, alpha 0.05. 
Treatments   Bromus rubens   Schismus spp   
  df F P F P 
BSC 1,13 18.14 0.002 0.14 0.955 
TS 1,13 0.01 0.928 3.55 0.046 
WS 1,13 0.00 0.995 0.16 0.941 
AMDU 1,13 0.01 0.956 0.16 0.946 
BSCxTS 1,13 0.00 0.990 0.14 0.955 
BSCxWS 1,13 0.00 0.995 2.38 0.108 
BSCxAMDU 1,13 0.00 0.989 0.17 0.935 
TSxWS 1,13 0.00 0.998 0.16 0.941 
TSxAMDU 1,13 0.00 1.000 0.16 0.946 
WSxAMDU 1,13 0.00 0.987 0.38 0.756 
BSCxTSxWS 1,13 0.00 0.997 2.38 0.108 
BSCxTSxAMDU 1,13 0.00 1.000 0.17 0.935 
BSCxWSxAMDU 1,13 0.00 0.989 0.11 0.972 
TSxWSxAMDU 1,13 0.00 0.997 0.38 0.756 
BSCxTSxWSxAMDU 1,13 0.00 0.999 0.11 0.972 
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Table 18 Mean cover of organic matter for undisturbed and experimental treatment field plots in 
gypsiferous soils in the eastern Mojave Desert. Main treatments include biological soil crust inoculation 
(BSC), topsoil (TS), wood shavings (WS), and Ambrosia (AMDU). Wood shaving additions treatment 
highlighted in bold text. 
Treatment Organic Matter 
BSC 2.3 
TS 16.0 
WS 64.0 
AMDU 4.4 
BSCxTS 12.6 
BSCxWS 58.0 
BSCxAMDU 7.2 
TSxWS 63.6 
TSxAMDU 29.0 
WSxAMDU 68.0 
BSCxTSxWS 35.2 
BSCxTSxAMDU 16.8 
BSCxWSxAMDU 46.0 
TSxWSxAMDU 14.8 
BSCxTSxWSxAMDU 49.0 
Disturbed, no treatment 3.0 
Undisturbed 5.4 
 
Table 19 Mean cover of total non-native annual plant cover for undisturbed and experimental treatment 
field plots in gypsiferous soils in the eastern Mojave Desert. Main treatments include biological soil crust 
inoculation (BSC), topsoil (TS), wood shavings (WS), and Ambrosia (AMDU). 
Treatment Non-Native Cover 
BSC 0.00 
TS 0.60 
WS 0.02 
AMDU 0.00 
BSCxTS 0.00 
BSCxWS 0.00 
BSCxAMDU 0.00 
TSxWS 0.08 
TSxAMDU 1.02 
WSxAMDU 0.00 
BSCxTSxWS 0.50 
BSCxTSxAMDU 4.80 
BSCxWSxAMDU 0.02 
TSxWSxAMDU 1.40 
BSCxTSxWSxAMDU 0.70 
Disturbed, no treatment 0.00 
Undisturbed 0.67 
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Table 20 Comparisons between the chlorophyll fluorescence mean responses of the cyanolichen Collema 
collected from undisturbed (bold) and experimental treatment field plots in gypsiferous soils in the eastern 
Mojave Desert with the main effects topsoil (TS), wood shavings (WS), Ambrosia (AMDU), and time, and 
the two-way and three-way interactions between main treatment variables TS, WS, and AMDU. Parameters 
measured and calculated include dark-adapted chlorophyll fluorescence (Fv/Fm), light-adapted chlorophyll 
fluorescence (F'v/F'm), chlorophyll fluorescence actual quantum yield (ФPSII), and the proportion of the light 
absorbed by PSII that is actually used in photochemistry (F'q/F'm). 
time   Fv/Fm F'v/F'm ФPSII F'q/F'm 
6 Undisturbed 0.116 0.334 0.278 0.277 
6 BSC 0.250 0.474 0.385 0.390 
6 BSCxTS 0.203 0.350 0.277 0.294 
6 BSCxWS 0.271 0.506 0.416 0.416 
6 BSCxAMDU 0.155 0.372 0.303 0.303 
6 BSCxTSxWS 0.351 0.555 0.475 0.475 
6 BSCxTSxAMDU 0.288 0.480 0.396 0.397 
6 BSCxWSxAMDU 0.200 0.425 0.354 0.354 
6 BSCxTSxWSxAMDU 0.225 0.475 0.396 0.396 
12 Undisturbed 0.152 0.351 0.297 0.297 
12 BSC 0.333 0.542 0.462 0.462 
12 BSCxTS 0.251 0.408 0.345 0.343 
12 BSCxWS 0.301 0.523 0.436 0.439 
12 BSCxAMDU 0.210 0.443 0.376 0.376 
12 BSCxTSxWS 0.393 0.605 0.527 0.527 
12 BSCxTSxAMDU 0.340 0.527 0.445 0.445 
12 BSCxWSxAMDU 0.270 0.494 0.432 0.432 
12 BSCxTSxWSxAMDU 0.355 0.581 0.504 0.504 
24 Undisturbed 0.178 0.365 0.307 0.308 
24 BSC 0.343 0.563 0.484 0.484 
24 BSCxTS 0.273 0.421 0.362 0.362 
24 BSCxWS 0.320 0.532 0.438 0.444 
24 BSCxAMDU 0.220 0.419 0.359 0.359 
24 BSCxTSxWS 0.365 0.547 0.469 0.471 
24 BSCxTSxAMDU 0.298 0.510 0.421 0.421 
24 BSCxWSxAMDU 0.281 0.498 0.433 0.436 
24 BSCxTSxWSxAMDU 0.327 0.554 0.468 0.468 
48 Undisturbed 0.168 0.365 0.300 0.300 
48 BSC 0.345 0.559 0.477 0.477 
48 BSCxTS 0.199 0.349 0.282 0.282 
48 BSCxWS 0.297 0.490 0.411 0.412 
48 BSCxAMDU 0.152 0.351 0.289 0.289 
48 BSCxTSxWS 0.340 0.518 0.434 0.419 
48 BSCxTSxAMDU 0.286 0.485 0.385 0.394 
48 BSCxWSxAMDU 0.195 0.477 0.365 0.366 
48 BSCxTSxWSxAMDU 0.285 0.520 0.444 0.444 
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Table 21 ANOVA results for the dark-adapted chlorophyll fluorescence (Fv/Fm) responses from the 
cyanolichen Collema collected from experimental treatment field plots in gypsiferous soil in the eastern 
Mojave Desert to the main effects of topsoil (TS), wood shavings (WS), and Ambrosia (AMDU), and their 
two-way, three-way, and four-way interactions. Significant values highlighted in bold, alpha 0.05. 
Time  
  
Fv/Fm 
 (Hrs)   df F P 
6 TS 10 1.36 0.261 
6 WS 5 0.78 0.417 
6 AMDU 5 1.65 0.255 
6 TSxWS 5 0.00 0.972 
6 TSxAMDU 5 1.08 0.347 
6 WSxAMDU 5 1.29 0.308 
6 TSxWSxAMDU 5 2.16 0.201 
12 TS 10 1.61 0.222 
12 WS 5 0.99 0.364 
12 AMDU 5 0.19 0.684 
12 TSxWS 5 0.37 0.568 
12 TSxAMDU 5 2.79 0.156 
12 WSxAMDU 5 0.00 0.978 
12 TSxWSxAMDU 5 1.54 0.269 
24 TS 10 0.06 0.810 
24 WS 5 0.38 0.566 
24 AMDU 5 0.51 0.509 
24 TSxWS 5 0.02 0.888 
24 TSxAMDU 5 1.59 0.263 
24 WSxAMDU 5 0.24 0.647 
24 TSxWSxAMDU 5 0.29 0.614 
48 TS 10 0.18 0.678 
48 WS 5 0.26 0.629 
48 AMDU 5 1.60 0.261 
48 TSxWS 5 0.32 0.596 
48 TSxAMDU 5 4.89 0.078 
48 WSxAMDU 5 0.00 0.988 
48 TSxWSxAMDU 5 1.18 0.327 
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Table 22 ANOVA results for the light-adapted chlorophyll fluorescence (F'v/F'm)  responses from the 
cyanolichen Collema collected from experimental treatment field plots in gypsiferous soil in the eastern 
Mojave Desert to the main effects of topsoil (TS), wood shavings (WS), and Ambrosia (AMDU), and their 
two-way, three-way, and four-way interactions. Significant values highlighted in bold, alpha 0.05. 
Time  
  
F'v/F'm 
 (Hrs)   df F P 
6 TS 10 0.09 0.762 
6 WS 5 2.39 0.183 
6 AMDU 5 0.38 0.562 
6 TSxWS 5 0.26 0.633 
6 TSxAMDU 5 2.62 0.166 
6 WSxAMDU 5 0.92 0.381 
6 TSxWSxAMDU 5 1.47 0.280 
12 TS 10 0.38 0.546 
12 WS 5 3.02 0.143 
12 AMDU 5 0.00 0.982 
12 TSxWS 5 1.67 0.253 
12 TSxAMDU 5 2.98 0.145 
12 WSxAMDU 5 0.10 0.769 
12 TSxWSxAMDU 5 1.58 0.264 
24 TS 10 0.01 0.925 
24 WS 5 1.12 0.339 
24 AMDU 5 0.07 0.798 
24 TSxWS 5 0.25 0.641 
24 TSxAMDU 5 3.30 0.129 
24 WSxAMDU 5 0.15 0.719 
24 TSxWSxAMDU 5 0.82 0.406 
48 TS 10 0.07 0.799 
48 WS 5 1.35 0.298 
48 AMDU 5 0.04 0.849 
48 TSxWS 5 0.30 0.606 
48 TSxAMDU 5 4.71 0.082 
48 WSxAMDU 5 0.32 0.597 
48 TSxWSxAMDU 5 2.32 0.188 
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Table 23  ANOVA results for chlorophyll fluorescence actual quantum yield (ФPSII) responses from the 
cyanolichen Collema collected from experimental treatment field plots in gypsiferous soil in the eastern 
Mojave Desert to the main effects of topsoil (TS), wood shavings (WS), and Ambrosia (AMDU), and their 
two-way, three-way, and four-way interactions. Significant values highlighted in bold, alpha 0.05. 
Time  
  
ФPSII 
 (Hrs)   df F P 
6 TS 10 0.15 0.706 
6 WS 5 2.96 0.146 
6 AMDU 5 0.24 0.642 
6 TSxWS 5 0.36 0.577 
6 TSxAMDU 5 2.25 0.194 
6 WSxAMDU 5 1.05 0.353 
6 TSxWSxAMDU 5 1.68 0.251 
12 TS 10 0.41 0.529 
12 WS 5 3.15 0.136 
12 AMDU 5 0.01 0.924 
12 TSxWS 5 1.79 0.239 
12 TSxAMDU 5 1.98 0.218 
12 WSxAMDU 5 0.01 0.925 
12 TSxWSxAMDU 5 1.67 0.252 
24 TS 10 0.03 0.871 
24 WS 5 0.87 0.395 
24 AMDU 5 0.06 0.818 
24 TSxWS 5 0.34 0.587 
24 TSxAMDU 5 1.90 0.227 
24 WSxAMDU 5 0.34 0.588 
24 TSxWSxAMDU 5 0.82 0.408 
48 TS 10 0.06 0.815 
48 WS 5 1.03 0.357 
48 AMDU 5 0.20 0.673 
48 TSxWS 5 0.82 0.407 
48 TSxAMDU 5 5.11 0.073 
48 WSxAMDU 5 0.28 0.622 
48 TSxWSxAMDU 5 1.21 0.322 
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Table 24 ANOVA results for the proportion of the light absorbed by PSII that is actually used in 
photochemistry (F'q/F'm)  responses from the cyanolichen Collema collected from experimental treatment 
field plots in gypsiferous soil in the eastern Mojave Desert to the main effects of topsoil (TS), wood 
shavings (WS), and Ambrosia (AMDU), and their two-way, three-way, and four-way interactions. 
Significant values highlighted in bold, alpha 0.05. 
Time  
  
F'q/F'm 
 (Hrs)   df F P 
6 TS 10 0.23 0.638 
6 WS 5 2.58 0.169 
6 AMDU 5 0.44 0.538 
6 TSxWS 5 0.28 0.622 
6 TSxAMDU 5 2.10 0.207 
6 WSxAMDU 5 0.80 0.412 
6 TSxWSxAMDU 5 1.55 0.268 
12 TS 10 0.37 0.551 
12 WS 5 3.29 0.130 
12 AMDU 5 0.01 0.926 
12 TSxWS 5 1.79 0.238 
12 TSxAMDU 5 2.09 0.208 
12 WSxAMDU 5 0.02 0.897 
12 TSxWSxAMDU 5 1.68 0.252 
24 TS 10 0.04 0.845 
24 WS 5 1.01 0.360 
24 AMDU 5 0.08 0.791 
24 TSxWS 5 0.30 0.609 
24 TSxAMDU 5 1.87 0.229 
24 WSxAMDU 5 0.29 0.611 
24 TSxWSxAMDU 5 0.83 0.404 
48 TS 10 0.10 0.761 
48 WS 5 0.77 0.420 
48 AMDU 5 0.08 0.784 
48 TSxWS 5 0.57 0.486 
48 TSxAMDU 5 6.02 0.058 
48 WSxAMDU 5 0.36 0.576 
48 TSxWSxAMDU 5 1.14 0.334 
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Table 25 ANOVA results for dark- (Fv/Fm) and light-adapted fluorescence (F'v/F'm), actual quantum yield 
(ΦPSII), and the proportion of light absorbed by PSII that is actually used in photochemistry (F'q/F'm) 
responses from the cyanolichen Collema across the whole hydration time course to the main effects of 
topsoil (TS), wood shavings (WS), and Ambrosia (AMDU), and their two-way and three-way interactions. 
BSCx num den Fv/Fm F'v/F'm Φ PSII F'q/F'm 
Treatment df df F P F P F P F P 
TS 1 16 0.64 0.436 0.02 0.904 0.02 0.896 0.01 0.908 
WS 1 5 0.63 0.464 2.15 0.203 2.06 0.211 1.92 0.224 
AMDU 1 5 0.99 0.366 0.09 0.772 0.09 0.772 0.09 0.771 
TSxWS 1 5 0.12 0.740 0.55 0.490 0.83 0.404 0.70 0.442 
TSxAMDU 1 5 2.80 0.155 3.99 0.102 3.22 0.133 3.37 0.126 
WSxAMDU 1 5 0.02 0.894 0.00 0.961 0.00 0.969 0.01 0.940 
TSxWSxAMDU 1 5 1.30 0.305 1.77 0.241 1.51 0.273 1.45 0.283 
Time 3 48 12.21 0.000 7.24 0.000 10.52 0.000 11.29 0.000 
TSxWSxTime 3 15 0.57 0.644 0.45 0.723 0.47 0.704 0.55 0.658 
TSxAMDUxTime 3 15 2.12 0.141 0.85 0.487 1.73 0.204 2.52 0.097 
WSxAMDUxTime 3 15 2.44 0.105 2.45 0.104 2.68 0.084 2.54 0.095 
TSxWSxAMDUxTime 3 15 2.12 0.141 0.85 0.487 1.73 0.204 2.52 0.097 
 
Table 26 ANOVA results for the estimated abundance of cyanobacteria and total microorganisms in one 
gram of soil identified from surface soil samples from experimental treatment field plots in gypsiferous soil 
in the eastern Mojave Desert, analyzing the effects of the main treatments, biological soil crust (BSC) 
inoculation, topsoil (TS), wood shavings (WS), and Ambrosia (AMDU), and their two-way, three-way, and 
four-way interactions. Significant values highlighted in bold, alpha 0.05. 
Treatment   Filamentous Colonial Unicellular Microorganism 
Description df t P t P t P t P 
BSC 16 14.48 0.000 13.43 0.000 9.83 0.000 14.71 0.000 
TS 16 -2.61 0.019 -4.16 0.001 -1.55 0.141 -2.95 0.009 
WS 16 0.49 0.628 2.02 0.061 -0.22 0.827 1.09 0.291 
AMDU 16 -1.85 0.082 1.52 0.147 0.36 0.723 -1.15 0.269 
BSCxTS 16 2.34 0.032 -0.11 0.913 -0.96 0.350 2.64 0.018 
BSCxWS 16 -0.78 0.447 2.95 0.009 -0.81 0.431 -0.83 0.419 
BSCxAMDU 16 1.36 0.192 0.90 0.382 0.95 0.358 1.26 0.225 
TSxWS 16 0.24 0.810 2.63 0.018 -0.50 0.623 -0.20 0.846 
TSxAMDU 16 0.75 0.462 1.13 0.277 3.24 0.005 0.75 0.464 
WSxAMDU 16 -1.01 0.326 -0.17 0.866 -1.10 0.288 -0.53 0.601 
BSCxTSxWS 16 0.01 0.991 1.70 0.109 0.08 0.933 0.27 0.789 
BSCxTSxAMDU 16 -0.96 0.354 1.75 0.099 2.65 0.017 -0.21 0.839 
BSCxWSxAMDU 16 0.34 0.741 -2.66 0.017 -0.51 0.614 -0.01 0.992 
TSxWSxAMDU 16 -0.05 0.958 -2.58 0.020 0.27 0.790 -0.49 0.633 
BSCxTSxWSxAMDU 16 0.10 0.919 -0.09 0.926 -0.32 0.756 0.44 0.666 
No Treatment 16 -6.55 0.000 -6.40 0.000 -2.67 0.010 -6.67 0.000 
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Table 27 ANOVA results for soil stability responses from experiment treatment field plots in gypsiferous 
soil in the eastern Mojave Desert, analyzing the effects of the main treatments, biological soil crust (BSC) 
inoculation, topsoil (TS), wood shavings (WS), and Ambrosia (AMDU), and their two-way, three-way, and 
four-way interactions. Significant values highlighted in bold, alpha 0.05. 
Source df F P 
BSC 13 15.96 0.001 
TS 13 5.76 0.030 
WS 13 1.33 0.270 
AMDU 13 0.14 0.811 
BSCxTS 13 2.12 0.153 
BSCxWS 13 1.37 0.264 
BSCxAMDU 13 0.02 0.980 
TSxWS 13 2.18 0.148 
TSxAMDU 13 0.08 0.880 
WSxAMDU 13 0.84 0.394 
BSCxTSxWS 13 2.04 0.159 
BSCxTSxAMDU 13 0.01 0.985 
BSCxWSxAMDU 13 0.16 0.804 
TSxWSxAMDU 13 0.75 0.423 
BSCxTSxWSxAMDU 13 1.11 0.321 
 
Table 28 Mean soil stability for experimental treatment field plots and undisturbed plots in gypsiferous soil 
in the eastern Mojave Desert. The main treatments include biological soil crust (BSC) inoculation, topsoil 
(TS), wood shavings (WS), and Ambrosia (AMDU). 
Treatment Soil stability 
BSC 6 
TS 4 
WS 2 
AMDU 1 
BSCxTS 5 
BSCxWS 5 
BSCxAMDU 5 
TSxWS 2 
TSxAMDU 3 
WSxAMDU 2 
BSCxTSxWS 5 
BSCxTSxAMDU 6 
BSCxWSxAMDU 6 
TSxWSxAMDU 3 
BSCxTSxWSxAMDU 5 
No Treatment 1 
Undisturbed 6 
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Table 29 Comparisons of soil stability ratings between experimental treatment field plots and undisturbed 
plots in gypsiferous soil in the eastern Mojave Desert, analyzing the effects of the main treatments, 
biological soil crust (BSC) inoculation, topsoil (TS), wood shavings (WS), and Ambrosia (AMDU), and 
their two-way, three-way, and four-way interactions. Significant values highlighted in bold, alpha 0.05. 
Treatment   F P 
BSC Undisturbed 0.07 0.913 
TS Undisturbed 2.49 0.100 
WS Undisturbed 9.77 0.003 
AMDU Undisturbed 17.46 0.001 
BSCxTS Undisturbed 0.32 0.677 
BSCxWS Undisturbed 0.58 0.509 
BSCxAMDU Undisturbed 0.39 0.630 
TSxWS Undisturbed 7.15 0.007 
TSxAMDU Undisturbed 5.64 0.016 
WSxAMDU Undisturbed 9.77 0.003 
BSCxTSxWS Undisturbed 0.24 0.692 
BSCxTSxAMDU Undisturbed 0.03 0.963 
BSCxWSxAMDU Undisturbed 0.03 0.963 
TSxWSxAMDU Undisturbed 3.26 0.057 
BSCxTSxWSxAMDU Undisturbed 0.21 0.768 
No Treatment Undisturbed 20.20 0.001 
 
Table 30 ANOVA results for nitrate (NO3-N) and ammonium (NH4-N) concentration responses of surface 
soil samples from experimental treatment field plots in gypsiferous soil in the eastern Mojave Desert, 
analyzing the effects of the main treatments, biological soil crust (BSC) inoculation, topsoil (TS), wood 
shavings (WS), and Ambrosia (AMDU), and their two-way, three-way, and four-way interactions. 
Significant values highlighted in bold, alpha 0.05. 
    NO3-N     NH4-N    
Source df F P F P 
BSC 69 0.81 0.3828 5.66 0.0301 
TS 69 10.63 0.0049 0.08 0.7789 
WS 69 0.09 0.7720 9.01 0.0085 
AMDU 69 5.85 0.0278 0.01 0.9129 
BSCxTS 69 0.20 0.6625 0.00 0.9801 
BSCxWS 69 0.87 0.3637 0.29 0.5951 
BSCxAMDU 69 0.69 0.4183 1.25 0.2793 
TSxWS 69 1.44 0.2470 1.36 0.2602 
TSxAMDU 69 8.72 0.0093 4.60 0.0476 
WSxAMDU 69 5.55 0.0315 1.30 0.2710 
BSCxTSxWS 69 3.82 0.0684 0.67 0.4236 
BSCxTSxAMDU 69 0.09 0.7707 3.40 0.0836 
BSCxWSxAMDU 69 0.16 0.6915 0.97 0.3403 
TSxWSxAMDU 69 1.45 0.2459 0.84 0.3729 
BSCxTSxWSxAMDU 69 1.62 0.2209 0.62 0.4417 
No treatment 69 1.35 0.181 -0.98 0.330 
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Table 31 Mean nitrate (NO3-N) and ammonium (NH4-N) concentrations in parts per million (ppm) from 
experimental treatment field plots and undisturbed field plots in gypsiferous soil in the eastern Mojave 
Desert. Main treatments include biological soil crust (BSC) inoculation, topsoil (TS), wood shavings (WS), 
and Ambrosia (AMDU). 
Treatments NO3-N  ppm NH4-N ppm 
BSC 0.52 0.70 
TS 0.17 0.69 
WS 0.91 0.40 
AMDU 0.51 0.91 
BSCxTS 0.41 1.14 
BSCxWS 2.55 0.45 
BSCxAMDU 0.39 1.36 
TSxWS 0.27 0.90 
TSxAMDU 0.42 0.87 
WSxAMDU 0.15 0.31 
BSCxTSxWS 0.19 0.83 
BSCxTSxAMDU 0.47 0.87 
BSCxWSxAMDU 0.26 1.04 
TSxWSxAMDU 0.19 0.33 
BSCxTSxWSxAMDU 0.17 0.62 
No Treatment 0.86 0.98 
Undisturbed 0.37 1.30 
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Table 32 ANOVA results for the light-adapted chlorophyll fluorescence responses (F'v/F'm) from the lichen 
Collema over time during an initial hydration period after two years of storage with treatments of either 6% 
or 10% mannitol or glucose as the initial hydration event. Significant values highlighted in bold, alpha 
0.05. 
Time 
(Hours) df 
F'v/F'm 
F P 
2 4 1.48 0.245 
6 4 0.80 0.537 
12 4 3.48 0.026 
24 4 5.42 0.004 
48 4 5.80 0.003 
 
Table 33 ANOVA results for the light-adapted chlorophyll fluorescence (F'v/F'm) responses from the lichen 
Collema over time after two years of storage and that had been treated with either 6 % or 10 % mannitol or 
glucose after 48 hours of hydration with water.  
Time 
(Hours) df 
F'v/F'm 
F P 
2 4 1.45 0.255 
12 4 2.58 0.068 
18 4 2.71 0.059 
30 4 2.39 0.085 
 
Table 34 ANOVA results for the light-adapted chlorophyll fluorescence (F'v/F'm) responses from the lichen 
Collema over time during a second hydration period after a treatment with either 6 % or 10 % mannitol or 
glucose as an initial hydration event during an initial hydration period after two years of storage. 
Time 
(Hours) df 
F'v/F'm 
F P 
2 4 1.32 0.298 
6 4 1.20 0.343 
12 4 1.09 0.390 
24 4 1.40 0.270 
 
Table 35 ANOVA results for the light-adapted chlorophyll fluorescence (F'v/F'm) responses from the lichen 
Collema over time during a second hydration event after treatment with either 6 % or 10 % mannitol or 
glucose after a 48 hours hydration period with just water after two years of storage. 
Time 
(Hours) df 
F'v/F'm 
F P 
2 4 2.27 0.099 
6 4 2.28 0.099 
12 4 2.55 0.073 
24 4 0.80 0.538 
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Table 36 Macroscopically observed cyanobacteria mean cover eight months after application of slurry 
treatment and glucose and/or nutrient solution additions in the laboratory on autoclaved native gypsiferous 
soils acquired from disturbed gypsiferous topsoil piles within Lake Mead National Recreation Area.  
Treatment 
Mean Cover 
Cyanobacteria 
Control 0 
Slurry 30 
Slurry & 10% Glucose 52 
Slurry & Nutrient 29 
Slurry, Glucose, & Nutrient 69 
 
Table 37 ANOVA results for macroscopically observed cyanobacteria cover responses eight months after 
application of slurry treatment and glucose and/or nutrient solution additions in the laboratory on 
autoclaved native gypsiferous soils acquired from disturbed gypsiferous topsoil piles within Lake Mead 
National Recreation Area. Significant values highlighted in bold, alpha 0.05. 
Effect df F P 
glucose 24 25.4 0.000 
nutrient 24 1.5 0.227 
glucose*nutrient 24 2.4 0.138 
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Figure 5 Mean cover with standard error of the lichens Collema, Placidium, and Peltula, and total moss 
from experimental treatment field plots with biological soil crust inoculants and undisturbed plots in 
gypsiferous soil in the eastern Mojave Desert. 
 
 
 
 
 
Figure 6 Mean cover with standard error of biological soil crust from experimental treatment field plots 
with biological soil crust inoculants and undisturbed plots in gypsiferous soil in the eastern Mojave Desert. 
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Figure 7 Mean cover with standard error of macroscopically observed cyanobacteria from experimental 
treatment field plots in gypsiferous soil in the eastern Mojave Desert; 0 = absent and 1 = present. *Signifies 
a significant difference between topsoil treatments within AMDU treatment. 
 
 
 
 
Figure 8 The effects on macroscopically observed cyanobacteria cover of a two-way interaction between 
the main treatments wood shavings (WS) and Ambrosia (AMDU) presence in experimental treatment field 
plots in gypsiferous soil in the eastern Mojave Desert. Standard error shown; 0 = absent and 1 = present. 
Bonferroni adjusted mean values reported. Statistically significant differences denoted by letters. 
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Figure 9 Mean cover with standard error of organic matter with and without topsoil (TS) treatments in 
experimental treatment field plots in gypsiferous soil in the eastern Mojave Desert; 0 = absent and 1 = 
present. 
 
 
 
 
Figure 10 Mean cover with standard error of organic matter with and without the addition of the main 
treatment wood shavings (WS) in experimental treatment field plots and in undisturbed plots in gypsiferous 
soil in the eastern Mojave Desert; 0 = absent and 1 = present. 
0 
5 
10 
15 
20 
25 
Organic Matter 
M
ea
n
 P
er
ce
n
t 
co
v
er
 
TS=0 
TS=1 
0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
WS=0 WS=1 
M
ea
n
 P
er
ce
n
t 
C
o
v
er
 
WS 
BSC 
TS 
AMDU 
BSCxTS 
BSCxAMDU 
TSxAMDU 
BSCxTSxAMDU 
No Treatment 
Undisturbed 
Organic Matter Mean Percent Cover with 
and without Wood Shavings 
Organic Matter Mean Percent Cover with and 
without Topsoil 
109 
 
 
  
 
 
 
 
Figure 11 The effects on organic matter from the two-way interaction between the main treatments wood 
shavings (WS) and topsoil (TS) in experimental treatment field plots (a) with only wood shavings and 
topsoil treatment combinations and (b) in all experimental treatment field plots in gypsiferous soil in the 
eastern Mojave Desert. Standard error shown; 0 = absent and 1 = present. Statistically significant 
differences denoted by letters. 
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Figure 12 Mean cover with standard error for non-native annual plants in experimental field treatment 
plots and undisturbed plots in gypsiferous soil in the eastern Mojave Desert. 
 
 
 
 
 
Figure 13 Mean cover with standard error of the non-native annual graminoids Bromus rubens and 
Schismus spp. for experimental field and undisturbed treatment plots in gypsiferous soil in the eastern 
Mojave Desert; 0 = absent and 1 = present. 
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Figure 14 Non-native annual plant cover with standard error with and without topsoil (TS) treatments in 
experimental treatment field plots in gypsiferous soil in the eastern Mojave Desert; 0 = absent and 1 = 
present. 
 
 
 
 
 
Figure 15 Non-native annual plant cover with standard error and specifically Bromus rubens and Schismus 
cover with and without the addition of topsoil (TS) treatment in experimental treatment field plots in 
gypsiferous soil in the eastern Mojave Desert; 0 = absent and 1 = present. 
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Figure 16 The effects on the cover of the non-native annual graminoid Schismus of the three-way 
interaction between biological soil crust inoculation (BSC), topsoil (TS), and wood shavings (WS) in 
experimental treatment field plots in gypsiferous soil in the eastern Mojave Desert. Standard error shown; 0 
= absent and 1 = present. Statistically significant differences denoted by letters 
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Figure 17 Mean dark-adapted chlorophyll fluorescence (Fv/Fm) with standard error at 6, 12, 24, and 48 
hours after hydration for the lichen Collema sampled from experimental treatment field plots and 
undisturbed plots in gypsiferous soil in the eastern Mojave Desert. 
 
 
 
 
 
Figure 18 Mean light-adapted chlorophyll fluorescence (F'v/F'm) with standard error at 6, 12, 24, and 48 
hours after hydration for the lichen Collema sampled from experimental treatment field plots and 
undisturbed plots in gypsiferous soil in the eastern Mojave Desert. 
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Figure 19 Mean chlorophyll fluorescence actual quantum yield (ФPSII ) with standard error at 6, 12, 24, and 
48 hours after hydration for the lichen Collema sampled from experimental treatment field plots and 
undisturbed plots in gypsiferous soil in the eastern Mojave Desert. 
 
 
 
 
Figure 20 Mean values of the proportion of the light absorbed by PSII that is actually used in 
photochemistry (F'q/F'm) with standard error at 6, 12, 24, and 48 hours after hydration for the lichen 
Collema sampled from experimental treatment field plots and undisturbed plots in gypsiferous soil in the 
eastern Mojave Desert. 
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Figure 21 Estimated mean abundance with standard error of cyanobacteria for one gram of surface soil in 
experimental treatment field plots with and without biological soil crust inoculants and undisturbed plots in 
gypsiferous soil in the eastern Mojave Desert; 0 = absent and 1 = present. 
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Figure 22 The effects on the estimated mean abundance of filamentous cyanobacteria from one-way, two-
way, and three-way treatment interactions between biological soil crust (BSC) inoculation, topsoil (TS), 
and Ambrosia (AMDU) presence in experimental treatment field plots in gypsiferous soil in the eastern 
Mojave Desert. Standard error shown; 0 = absent and 1 = present.   
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Figure 23 The effects on the estimated mean abundance of colonial cyanobacteria from one-way, two-way, 
and three-way treatment interactions between biological soil crust (BSC) inoculation, topsoil (TS), and 
Ambrosia (AMDU) presence in experimental treatment field plots in gypsiferous soil in the eastern Mojave 
Desert. Standard error shown; 0 = absent and 1 = present.   
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Figure 24 The effects on the estimated mean abundance of unicellular cyanobacteria from one-way, two-
way, and three-way treatment interactions between biological soil crust (BSC) inoculation, topsoil (TS), 
and Ambrosia (AMDU) presence in experimental treatment field plots in gypsiferous soil in the eastern 
Mojave Desert. Standard error shown; 0 = absent and 1 = present.   
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Figure 25 The effects on the estimated mean abundance of total cyanobacteria and algae from one-way, 
two-way, and three-way treatment interactions between biological soil crust (BSC) inoculation, topsoil 
(TS), and Ambrosia (AMDU) presence in experimental treatment field plots in gypsiferous soil in the 
eastern Mojave Desert. Standard error shown; 0 = absent and 1 = present.   
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Figure 26 Mean soil stability (ordinal scale 1-6) with standard error for main treatments and two-way and  
three-way interactions between biological soil crust (BSC) inoculation, topsoil (TS), and wood shavings 
(WS) in experimental treatment field plots in gypsiferous soil in the eastern Mojave Desert; 0 = absent and 
1 = present.   
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Figure 27 Mean nitrate concentrations in parts per million (ppm) with standard error for samples from 
undisturbed plots and experimental treatment field plots with and without biological soil crust inoculation 
in gypsiferous soil in the eastern Mojave Desert; 0 = absent and 1 = present.   
.  
 
 
 
 
Figure 28 Mean ammonium concentrations in parts per million (ppm) with standard error for samples from 
undisturbed plots and experimental treatment field plots with and without biological soil crust inoculation 
in gypsiferous soil in the eastern Mojave Desert; 0 = absent and 1 = present. 
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Figure 29 The effects of the two-way interaction between wood shavings (WS) and Ambrosia (AMDU) on 
nitrate concentrations in parts per million (ppm) in samples from experimental treatment field plots in 
gypsiferous soil in the eastern Mojave Desert. Standard error shown; 0 = absent and 1 = present. Letters 
denote significant differences, alpha 0.05.  
 
 
 
 
Figure 30 The effects of the two-way interaction between topsoil (TS) and Ambrosia (AMDU) on nitrate 
concentrations in parts per million (ppm) in samples from experimental treatment field plots in gypsiferous 
soil in the eastern Mojave Desert. Standard error shown; 0 = absent and 1 = present. Letters denote 
significant differences, alpha 0.05. 
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Figure 31 The effects of the two-way interaction between wood shavings (WS) and Ambrosia (AMDU) on 
ammonium concentrations in parts per million in samples from experimental treatment field plots in 
gypsiferous soil in the eastern Mojave Desert. Standard error shown; 0 = absent and 1 = present. Letters 
denote significant differences, alpha 0.05. 
 
 
 
 
Figure 32 The effects of the two-way interaction between topsoil (TS) and Ambrosia (AMDU) on 
ammonium concentrations in parts per million in samples from experimental treatment field plots in 
gypsiferous soil in the eastern Mojave Desert. Standard error shown; 0 = absent and 1 = present. Letters 
denote significant differences, alpha 0.05.  
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Figure 33 Mean light-adapted chlorophyll fluorescence (F'v/F'm) with standard error over time during an 
initial hydration event after two years of storage with the treatments of either 6% or 10% mannitol (M) or 
glucose (G) on the lichen Collema collected from gypsiferous soil in the eastern Mojave Desert. 
 
 
 
 
 
Figure 34 Mean light-adapted chlorophyll fluorescence (F'v/F'm) with standard error over time after two 
years of storage and with treatments of either 6% or 10% mannitol (M) or glucose (G) after 48 hours of 
hydration with water on the lichen Collema collected from gypsiferous soil in the eastern Mojave Desert. 
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Figure 35 Mean light-adapted chlorophyll fluorescence (F'v/F'm) with standard error over time during a 
second hydration period after during the first hydration period the initial hydration event was with either 
6% or 10% mannitol (M) or glucose (G) on the lichen Collema collected from gypsiferous soil in the 
eastern Mojave Desert. 
 
 
 
 
Figure 36 Mean light-adapted chlorophyll fluorescence (F'v/F'm) with standard error over time during a 
second hydration period after during the first hydration period the last hydration event was with either 6% 
or 10% mannitol (M) or glucose (G) on the lichen Collema collected from gypsiferous soil in the eastern 
Mojave Desert. 
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Figure 37 Dark- (Fv/Fm) and light-adapted (F'v/F'm) chlorophyll fluorescence responses with standard error 
from the lichen Collema collected August 2012 (0 years) from undisturbed gypsiferous biological soil crust 
communities in the eastern Mojave Desert and from samples left in storage for 3 and 4 years collected in 
2008 from gypsiferous soil in the eastern Mojave Desert. Letters denote significant differences, alpha 0.05. 
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Figure 38 Mean cyanobacteria cover with standard error in nursery flats eight months after application 
with slurry produced from biological soil crusts collected from gypsiferous soil in the eastern Mojave 
Desert with and without glucose and/or nutrient solutions. 
 
 
 
Figure 39 The effects on the cover of cyanobacteria eight months after application of slurry produced from 
biological soil crusts collected from gypsiferous soil in the eastern Mojave Desert and treatment with 
nutrient and glucose and their a two-way interactions. Standard error shown; 0 = absent and 1 = present. 
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CHAPTER 5 
CONCLUSION 
 Given the sensitivity and vulnerability of biological soil crusts, active restoration 
of crust habitats can be highly beneficial. Stabilizing soils, resource augmentation, and 
inoculation of native soil crusts can assist with recovery of native soil communities as 
well as begin to restore native desert ecosystems and assist with sending them along a 
sustain able trajectory. It is important to utilize native communities that are already 
adapted to native climate and soil type. These organisms have critical roles in ecosystem 
sustainability and resilience to such factors as climate change, precipitation events, and 
wind storms.  
 This thesis used information related to BSC and restoration research to develop 
treatment applications for field, greenhouse, and laboratory study. Due to soil properties, 
gypsiferous soils contain a unique and diverse abiotic soil environment. Lichen species 
dominant on these soils in the eastern Mojave Desert, which are also prominent in cooler 
deserts at higher elevations that receive greater yearly precipitation. Other BSC 
communities in the Mojave Desert are cyanobacteria-dominant, which tolerate low 
precipitation and high heat. Due to these factors, rehabilitation and/or restoration 
strategies are likely species and ecosystem specific.  
 This study examined the potential to salvage, store, and apply BSCs to highly 
disturbed soils. Results suggest that slurry or direct application may be beneficial along 
with topsoil reapplication, in the case of topsoil salvaging. If feasible, it is beneficial to 
use both application techniques in conjunction with addition of a pulverized sanitized 
organic matrix. A slurry may provide an initial reintroduction of microorganisms, such as 
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cyanobacteria, to reestablish without competition prior to inoculation in relatively intact 
BSCs containing lichens and mosses. Slurry inoculation would be most optimal in the fall 
after the day-time temperatures have cooled. Following several months to a year, direct 
application by scattering BSC pieced will provide propagules for later successional crust 
species. Applying an organic matrix will assist with initial soil stability as well as provide 
a source of carbohydrates directly in soil. This study has demonstrated that application of 
BSC pieces increases soil stability even at 30% cover and BSCs survive the inoculation 
process. The restoration goals of LMNRA are to not only to hiding damage and prevent 
further disturbance but also to restore damaged or degraded areas. Native perennials are 
often used to mask a disturbed area while attempting to restore vegetation and visual 
consistency of the landscape. BSC treatments also in conjunction with outplanting 
treatments will assist with vegetative and visual consistency while rehabilitating 
ecosystem functions. 
 Continuing to monitor salvaged stored BSCs and BSC field plots would continue 
to provide useful and strategic information for future restoration projects. Additionally, 
conducting a full-factorial study on combination inoculation techniques in a greenhouse, 
laboratory, and/or field setting would provide additional beneficial information. 
Additional resource augmentation studies on salvage BSCs would also provide useful 
information on how rehabilitation may be accelerated or how inoculants may be 
propagated in a laboratory setting. 
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APPENDIX 1 
BIOLOGICAL SOIL CRUST ORGANISMS: AN INTRODUCTION 
Cyanobacteria 
Cyanobacteria are photosynthetic prokaryotes that synthesize chlorophyll a, the 
pigment molecule that is essential for most photosynthetic organisms. Cyanobacteria 
form the phycobilin pigment phycocyanin which causes the bluish color of these 
organisms (Whitton and Potts 2000). They may occur as unicellular or as colonies, and 
colonies can be filamentous. A filament is a chain of single cells, called the trichome. 
Some filamentous cyanobacteria are enclosed in extracellular polysaccharide. 
Cyanobacteria are also capable of withstanding high temperatures (Mazor et al. 1996). 
Cyanobacteria are poikilohydric and are inactive while in the dry state, protecting the 
cellular structures. They can tolerate desiccation due to acute water deficiency by 
accumulation of compatible solutes at high concentrations to counteract osmotic stresses 
without a detrimental effect on enzyme efficiency (Potts 1994; Wynn-Williams 2000) 
and some species are motile which contributes to soil particle aggregation (Anderson et 
al. 1982) while protecting the cyanobacteria species from excessive radiation (Garcia-
Pichel and Pringault 2001).  They reproduce by cellular division and subsequent 
separation of cells. Colonial and filamentous cyanobacteria reproduce by fragmentation 
of the trichome forming hormogonia, which are motile and can glide through soil media 
when wet. 
Green Algae 
Green algae (Chlorophyta and Charophyta) are a diverse group of eukaryotic 
photosynthetic organisms that occur in as a diversity of organizations: unicellular, 
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colonial, filamentous, membranous or sheet like, and tubular types. The most prominent 
organelle in an algal cell is the chloroplast, which contains the sites for the photosynthetic 
pigments chlorophyll a and b, as well as several other carotenes and xanthophylls. Some 
species are motile.  Unicellular algae function as gametes and produce special containers 
or gametangia. These cellular forms may also be motile by means of flagella or non-
motile. Multicellular algae also produce gametangia where every gametangial cell is 
fertile producing a separate gamete.  
Lichens 
Lichens are highly desiccation tolerant, photosynthetic organisms. They are the 
symbiosis of a fungi partner, the mycobiont, and a photosynthetic organism, the 
photobiont, either a green algae or cyanobacterium. A lichen relationship is generally 
referred to as mutualism; however, since the mycobionts tend to be obligatory and the 
photobionts can be found both in lichenized and free-living states, lichens are 
alternatively considered controlled parasitism (Ahmadjian 1993; Nash 1996a). A majority 
of the lichenized fungi are Ascomycetes, with the remaining from the Basidiomycetes 
(Ahmadjian 1993). About 85% of lichens have a green algal symbiont (Tschermak-
Woess 1976; Honegger 1986), with about 75% of lichenized relationships with the green 
algae Trebouxia (Tschermak-Woess 1976). Approximately 10% of the photobionts are 
cyanobacteria, and the remaining lichen relationships have simultaneous associations 
with a green algae and a cyanobacterium (see Green et al. 2002) (Tschermak-Woess 
1976; Honegger 1996).  
The thallus is the main vegetative structure of the lichen and is primarily 
determined by the mycobiont. The lichen thallus can be homoiomerously (symbionts 
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evenly distributed) or heteromerously (symbionts stratified) arranged and have several 
morphological groups: crustose, foliose, and fruticose, with crustose and foliose forms 
having additional gelatinous types (Büdel and Scheidegger 1996). The thallus is 
developed to supply an adequate amount of light while protecting the photobiont, carbon 
dioxide diffusion, hydrated conditions and minimizing rapid water loss for positive net 
photosynthesis (Smith and Douglas 1987).  
Lichens are poikilohydric. This characteristic is significant due to the physiology 
and functioning of lichens during wetting and drying events (Farrar 1976a).  Lichens that 
have a high water-holding capacity (Lange et al. 1998) and can survive extended drought 
which protects photosynthetic material.  
Bryophytes 
 Bryophytes, such as mosses, occur in BSC communities, although usually in 
moister habitats (Belnap et al. 2001). Mosses are small plants that utilizing oxidative 
photosynthesis, do not have internal water-bearing vessels, have their dominate life cycle 
as a gametophyte, and reproduce with haploid spores. They attach to the soil surface with 
rhizoids (Belnap et al. 2001). Mosses can be either dioicous (gametophytes only contain 
sperm or eggs, not both) or monoicous (sperm and eggs are in the same gametophyte). 
Spores germinate to produce protonema, which appears as a thread-like filament or 
thalloid.  
Bryophytes as a group are desiccation tolerant to different degrees; they tent to 
equilibrate rapidly with the water potential in their surroundings, desiccate in low 
humidity and become metabolically inactive, and recover when rehydrated (Proctor et al. 
2007). The degree of recovery decreases with the time length of desiccation and is 
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depending on the temperature and intensity of desiccation (Proctor 2001).  Recovery 
involves the initiation of respiration, protein synthesis, and photosynthesis (Proctor 2001; 
Proctor et al. 2007), all which can occur within a few minutes to a few hours after 
hydration (Proctor 2001). Respiration begins soon after hydration and recovery of protein 
synthesis occurs within a few minutes after rehydration (Oliver 1991).  Photosynthesis 
recovers within a few seconds to minutes (Proctor 2001; Proctor and Smirnoff 2000). The 
desert moss Tortula ruralis rapidly recovers its metabolism during hydration (Oliver and 
Bewley 1997; Oliver et al. 2005). Cushions or mat growth dry slowly (Zotz et al. 2000), 
and isolated shoot will dry more quickly.  
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